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Abstract 
Over the past forty years a significant number of corroding and at risk reinforced concrete structures 
have been successfully managed using Impressed Current Cathodic Protection (ICCP). ICCP systems 
are electrochemical treatments which are capable of arresting the corrosion of steel. A recent study 
of ten structures in the UK showed steel reinforcement in bridges remained passive up to three 
years after ICCP was no longer applied. Similar findings were reported in a study conducted in 
southern Australia. These findings indicate that ICCP can provide a form of lasting residual 
protection.  
Whilst the presence of residual protection has been established both the reasons for, and the 
mechanisms behind it and the duration for which it persists are currently unknown. It is believed 
that the period of passivity is due to changes in the microenvironment of the concrete adjacent to 
the steel. The most likely cause for this is prolonged operation of the ICCP system changing the 
chemistry of the concrete however at this time this is yet to be conclusively shown.  
This study examined the phenomenon of residual protection by suspending the operation of 
established ICCP systems in two wharves located in southern Victoria and monitoring the effect on 
the passivity of the steel via electrochemical testing. The results of the study confirm that the steel 
in selected elements within these structures remained passive once the ICCP system was 
interrupted. The primary factor in determining which elements remained passive, and the duration 
of passivity was the amount of charge injected into the element over the life of the ICCP system. The 
environment surrounding the element was also observed to influence the residual protection. The 
study also highlighted that the currently accepted criterion for absolute passivity cannot reliably be 
applied to the tidal zone. 
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1. Introduction 
Steel reinforced concrete is perhaps the most significant construction material in the modern age. Its 
importance lies in its low cost, high constructability, high strength and relative longevity. Due to its 
widespread use, the corrosion of reinforced concrete structures represents a significant cost to the 
global economy. A report on behalf of the United States of America’s Federal Highway 
Administration estimated that the annual direct cost of the corrosion of reinforcement within 
concrete bridges in America alone to be over eight billion dollars[1]. Effective concrete remediation 
and protection strategies have a large role to play in controlling this cost. The control of corrosion of 
steel in concrete requires a strong understanding of both the thermodynamics and kinetics of the 
underlying corrosion reactions. In 1966 Pourbaix[2] showed that the stability of steel is directly 
related to the concentration of the hydroxide ions (pH) as well as the potential of the steel. As the 
concentration of hydroxyl ions is increased the concentration of iron oxide and iron hydroxide at the 
surface of the steel also increases. These species form a film that shields the underlying steel from 
the electrolyte making it passive. This is termed passive – active behaviour and it significantly 
reduces the corrosion rate. Steel reinforced concrete is considered to be a durable material because 
the steel is kept passive by the high alkalinity of the concrete. Corrosion of steel reinforcement in 
concrete is greatly accelerated when the passive layer is disrupted. This is commonly caused by the 
ingress of aggressive anions into the concrete, most commonly chloride. Chloride induced corrosion 
commonly results in the establishment of a particularly aggressive and rapid form of corrosion 
known as pitting corrosion. For this reason structures which are exposed to a high chloride 
environment, such as marine structures, are at a great risk of suffering corrosion, reducing the 
lifetime of the structure.  
One of the principle methods of controlling corrosion in steel reinforced concrete is an 
electrochemical technique called Impressed Current Cathodic Protection (ICCP). This method is 
particularly suited for aggressive marine environments. The primary mechanism of ICCP is to supply 
electrical charge to the steel reinforcement in order to negatively polarise its potential. This reduces 
the steels over potential and in doing so reduces the corrosion current density. If the potential of the 
steel is shifted below a critical value the steel will enter a thermodynamically stable state and 
corrosion will be arrested altogether. This primary mechanism is accompanied by several secondary 
mechanisms. These include the production of hydroxyl ions at the steel surface, the repulsion of 
chloride ions and the removal of the cathodic reactant oxygen from the steel surface. These 
secondary effects contribute to the protection of steel in concrete. 
Research on existing structures with established ICCP systems has indicated the secondary effects 
may have a lasting consequence which has not been previously considered. These studies have 
shown that the passivity of the steel is in some instances retained even after the applied current has 
been stopped[3]. Initial research has focused on the result of short term interruptions of the 
cathodic current (within the magnitude of hours to days) due to either short term power outages or 
inconsistent electrolyte supply in tidally affected regions of marine structures[4]. Recently research 
has expanded to incorporate structures with established ICCP systems which have been 
discontinued due to either reaching their design life[5], or to an unexpected incident[3]. It has been 
shown that such structures are capable of remaining passive up to 3 years after ICCP has ceased. 
Critically this ongoing protection is not observed within all concrete structures. In many such 
structures corrosion re-activates in a matter of hours. Whilst the existence of residual protection is 
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acknowledged, little is understood of the underlying causes; particularly why some structures exhibit 
this phenomenon and others do not[6]. A stronger understanding of residual protection would shed 
light on the importance of the secondary effects of ICCP. This may refine the approach to the design 
and monitoring of an ICCP system, which currently relies in part on empirical wisdom and knowledge 
gained by experience. This in turn could result in the reduction in applied current, reducing the 
negative effects of over protection as well as the initial protection current requirements. 
Before these benefits can be realised, the level of knowledge of residual protection and passivity in 
operational ICCP systems must be expanded. This research will aim to identify critical factors which 
affect passivity as well as provide ongoing guidance for management of existing ICCP systems. It will 
also contribute to the understanding of the electrochemical processes and operation parameters 
governing residual protection. 
Aims 
 To explore residual protection on operational ICCP systems in marine environments. 
 To explore residual protection in a systematic manner by purposefully suspending an ICCP 
system for a nominated period of time and monitoring the effects of this shut down. This is 
in contrast to a number of similar previous studies where the collection of such data has-
been of a less systematic nature. 
 To study a variety of structures with variations in the amount of injected charge, operating 
parameters, and physical environments. 
 To study the differences between regions that show residual protection and those that do 
not in order to understand what is driving the presence of residual protection. 
Research Questions 
1. What determines whether a structure will exhibit residual protection? 
2. Why does residual protection vary between structures and within a structure? 
3. Can the current required to protect steel from corrosion within a concrete ICCP system be 
refined? 
4. Are there potential optimisation strategies for existing ICCP systems? 
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1.1 Basis of Corrosion 
The corrosion of steel in concrete is due to the development of both macro and micro corrosion cells 
on the surface of the reinforcing steel. Due to a variety of factors, such as impurities in the steel and 
differences in the chemistry of the surrounding concrete, anode – cathode couples form on the 
surface of the reinforcement. These couples may be co-located on the steel (microcell corrosion) or 
they may be separated by several metres (macrocell corrosion)[7]. Electrons are generated by the 
anodic reaction at the anodic site where atomic dissolution occurs, and are consumed by the 
cathodic reactions at the cathodic site. The steel reinforcement itself allows the flow of electrons 
from one site to the other, known as the corrosion current (Ic) whilst the concrete serves as an 
electrolyte, facilitating ionic current flow thereby completing the electrical circuit[8]. 
A large variety of steels exist for use in industry, each with a unique chemical composition and a 
correspondingly unique set of properties. In all steels the majority constituent element is iron. The 
corrosion of steel is driven by the corrosion and dissolution of iron from the steel atomic matrix. The 
common anodic and cathodic reactions which take place on the surface of steel embedded within 
concrete[9] are described in the equations below: 
Anodic reaction 
𝐹𝑒 ↔ 𝐹𝑒2+ + 2𝑒−       Equation 1 
Cathodic reactions 
2𝐻2𝑂 + 2𝑒
− + 
1
2
𝑂2 ↔ 2𝑂𝐻
−      Equation 2 
2𝐻+ + 2𝑒− ↔ 𝐻2       Equation 3 
𝑂2 +  4𝐻
+ + 2𝑒− ↔ 2𝐻2𝑂       Equation 4 
The anodic reaction described in Equation 1 is prevalent at low or neutral pH values and will result in 
the dissolution of iron (corrosion). The prevalence of the three cathodic reactions listed will depend 
on the pH of the electrolyte with Equation 2 being more common in basic conditions and Equations 
3 and 4 in acidic conditions. Steel corroding in this manner is said to be active. Once released from 
the steel matrix the iron ions will react with various chemicals in the electrolyte to form the oxides 
and hydroxides commonly termed rust. The volume of these rust products is generally higher than 
that of the original steel. This causes stresses within the concrete which results in cracking, 
delamination and spalling[10]. This can expose the steel to the outside environment accelerating 
further corrosion.  
1.2 Thermodynamic Considerations of the Corrosion of Steel in Concrete 
Steel in concrete will exist in one of several thermodynamic states depending on the chemistry of 
the concrete and the electrochemical potential of the steel. The electrochemical potential of steel 
reinforcement is defined as the potential difference between the steel and a saturated hydrogen 
electrode. Due to the impracticality of using a hydrogen electrode outside of controlled laboratory 
conditions, common practice is to measure the potential of steel against a copper / copper sulphate 
or silver / silver chloride electrode. In 1966MarcelPourbaix explored the relationship between the 
potential of the steel, its chemical stability and the chemistry of its environment in a series of 
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experiments using steel in water system. In these experiments Pourbaix altered both the pH of the 
electrolyte (the water) and the potential of the steel and noted the predominant species of iron 
oxide and/or iron hydroxide produced for each given set of conditions[2]. This was then represented 
diagrammatically in what has come to be known as a Pourbaix diagram of the Fe - H2O system 
shown in Figure 1.Error! Reference source not found. 
 
 
 
Figure 1 Pourbaix diagram of Fe - H2O [11] 
Pourbaix found that as the concentration of hydroxyl ions is increased the stable form of iron 
changes from Fe2+ions (corroding steel) to stable species of iron oxide and iron hydroxide[13]. These 
stable species form along the steel surface and shield the underlying steel from exposure to the 
electrolyte in a manner analogous to a coating. This is capable of slowing the corrosion reaction by 
reducing the surface area of the steel thus providing a barrier to corrosion. The formation of these 
species at the surface of the steel is known as a passive film. When the reaction slows to a rate of 
two micron per year or less, the loss due to corrosion is considered to be negligible and the steel is 
said to be in a passive state[14]. 
It is also possible for the iron to exist in a thermodynamically stable state known as an immune state. 
Steel will become immune when its potential is depressed below a critical value termed the immune 
potential (EImmune)[7]. Below this potential the attractive forces between the steel matrix and the iron 
atoms is sufficient to prevent atomic dissolution and therefore corrosion. 
Whilst the steel in concrete system differs from the steel in water system, the relationship 
established in Pourbaix’s experiments remains the same. Steel reinforced concrete is normally 
considered to be a durable material due to the high alkalinity of the concrete which provides a non-
aggressive environment for the steel[7]. Concrete’s alkalinity is due to an alkali reserve of KOH, 
NaOH and Portlandite (calcium hydroxide) contained in the hardened cement.  
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1.3 Kinetic Considerations of the Corrosion of Steel in Concrete 
When steel is in an active state, the rate of the corrosion reaction has a large bearing on the 
consequence for the structure. When the steel is corroding quickly it may present a significant issue 
however if the steel is corroding slowly, the effect of the corrosion may be inconsequential to the 
asset’s life expectancy. Unfortunately it is not possible to directly measure the corrosion current 
flowing through the steel and so calculate the corrosion rate. This is due to the varied nature and 
location of corrosion cells along the steel surface. However in line with the mixed potential theory, it 
is possible to indirectly measure the corrosion current through the measurement of the potential at 
the surface of the concrete[15]. Mixed potential theory firstly considers the anodic reaction of steel 
in isolation. As the steel corrodes and iron ions dissolve into the electrolyte, there is an accumulation 
of negative charge on the steel surface. This is due to the liberated electrons remaining in the steel 
matrix when the iron ions dissolve into the electrolyte. This leads to an increase in the potential 
difference between the metal and the solution, with the metal becoming more negative and the 
electrolyte becoming more positive. Such a change in the potential retards the dissolution of iron 
ions and encourages the deposition of dissolved metal ions from the solution onto the steel. 
Eventually the steel / electrolyte system will reach a stable potential where the rate of dissolution is 
equal to the rate of deposition. This potential is termed the reversible potential (ER). An analogous 
situation would occur at the cathodic site where the resultant ER of the steel is more positive than 
the surrounding electrolyte. In practice anodic and cathodic sites are never electrically isolated from 
one another because both electrons and positive ions are able to flow between the sites. Due to the 
flow of charge the potential at each reaction site changes from the theoretical ER. The anodic site 
will become more noble (positive), and the cathodic more active (negative) until they eventually 
stabilise at a mixed potential. This mixed potential is what can be measured in an actively corroding 
system and is known as the corrosion potential (ECorr). At ECorr electrons generated at the anode are 
consumed at the cathode, and so the rates of the anodic and cathodic reactions are equal. The 
electron flow is now stable at a particular value known as the corrosion current or Icorr. Standard 
practice is for Icorr to be normalised to current density in order to allow for comparison between 
structures. The value of the current density at ECorr is known as the corrosion current density or icorr. 
The change in potential from the ER, at the anodic and cathodic sites is known as polarisation[8]. 
This relationship between the ECorr and icorr has been explored experimentally and can be shown 
graphically below in an Evans, or mixed potential diagram. 
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Figure 2.Evans diagram showing anodic and cathodic reactions of steel[8] 
The diagram shows that for small variations in potential from the corrosion potential, the corrosion 
current varies linearly with log to the base ten of the current density. This is known as a Tafel slope. 
It is by interpolating this quantifiable linear relationship that the theoretical reversible reaction 
potentials are calculated.  
There are three intrinsic forms of polarisation, activation polarisation, concentration polarisation 
and resistance polarisation. The Tafel relationship describes one of the three intrinsic forms of 
polarisation, activation polarisation which is governed by the underlying reaction rate of the 
reversible reactions. Atmospherically exposed steel /concrete systems typically display activation 
polarisation with the corrosion current density limited by the rate of the anodic reaction. 
Concentration polarisation is where the availability of reactants affects the overall corrosion rate. 
Reactants are able to diffuse through the electrolyte at a set rate. Should the rate of the reaction 
exceed the rate of diffusion, the reaction will become limited to the rate at which reactants are able 
to diffuse to or from the corroding surface, known as the limiting current density. Concentration 
polarisation creates a non-linear relationship between the potential and log to the base ten of the 
corrosion current density. This is commonly exhibited by the cathodic site in submerged steel / 
concrete corrosion cells where the cathodic reaction is limited by the ability of oxygen. 
Both the anodic and cathodic reactions also show a degree of polarisation due to the electrical 
resistance at the metal / electrode interface, known as resistance polarisation. 
In addition to the polarisation of steel, the passive / active behaviour of steel described above also 
has a significant effect on the kinetics of the steel corrosion system. The formation of a continuous 
passive film reduces the effective surface area of the cathode and anode which in turn causes a 
reduction in the corrosion current density. As denoted in the Pourbaix diagram (Error! Reference 
ource not found.) this passive film is stable across a range of potentials but will break down at noble 
potentials. This passive / active behaviour results in a notable change to the shape of the anodic 
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polarisation curve mapped in the mixed potential diagram (Figure 2). This altered shape is illustrated 
in Figure 3 below. 
 
Figure 3.Evans diagram showing active (a) and active – passive (b) behaviour of steel [16] 
Figure 3a denotes the standard curve representing an anodic reaction under activation control which 
does not show active / passive behaviour (the limiting current density is not shown on this diagram). 
In this instance the result of an increased potential is to increase the corrosion current and the 
relationship between the two is as described by the Tafel slope. Figure 3b represents an anodic 
reaction under activation control which does show active / passive behaviour. In this curve there is a 
noticeable passive region where the corrosion current density drastically decreases for a defined 
potential range. This region is due to the effect of the passive film forming on the surface of the 
steel. The potential range represents the range at which the passive film is stable. Within this region 
the corrosion rate is small enough to have a negligible effect on the structural integrity for the 
expected lifetime of marine infrastructure, however outside of this region the corrosion rate can 
rapidly increase.  
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1.4 Corrosion of Steel in Concrete in Marine Environment – Chloride Induced 
Corrosion 
In general corrosion a localised area on the surface of the steel will be anodic to the surrounding 
steel for a variety of reasons. Once the anode to cathode relationship at this location is established, 
the anodic region corrodes resulting in corrosion product forming at the anodic site. This corrosion 
product covers the anodic area restricting oxygen. The anodic site will now become more cathodic to 
the surrounding steel. Therefore the anode will shift to a different (less noble) region of the steel. 
This switching of anodic sites means that the overall corrosion rate across the surface of the steel is 
generally uniform over time. Corrosion of steel reinforcement in concrete is greatly accelerated 
when the passive layer is disrupted. This is commonly caused by two factors; carbonation of the 
surrounding concrete, and ingress of aggressive anions, most commonly chloride. 
Carbonation is caused by atmospheric carbon dioxide reacting with the pore water in the concrete 
to form carbonic acid. The acid decreases the pH of the electrolyte. When the pH is below eleven, 
the iron oxide species forming the passive film are no longer stable and the passive film will begin to 
break down. Once the pH is below ten the steel is generally considered to be active[17].  
In chloride induced corrosion, the anodic/cathodic corrosion cell is caused by the disruption of the 
passive film by chloride ions[18]. The exposed steel will become anodic to the surrounding steel 
where the passive film is still intact. The resulting corrosion cell will have a small anodic area (the 
steel beneath the disrupted passive layer) compared to the cathodic area (the intact passive layer). 
This geometrical arrangement is known to cause rapid corrosion at the site of the disruption and the 
formation of a pit at the anodic site[19]. This limits the ability of the contents within the pit to 
diffuse to the environment outside which develops a distinct micro environment within the pit. This 
commonly becomes increasingly acidic as a consequence of hydrolytic anodic reactions giving the 
corrosion process the name pitting corrosion. As the pH within the pit is lowered, the corrosion rate 
increases causing rapid and localised corrosion. This form of corrosion is particularly damaging for 
infrastructure. Combined, these factors can result in the total and rapid section loss of 
reinforcement. Chloride ions associated with pitting commonly originate from the outside 
environment (marine environments) although historically they have been cast into the concrete as a 
hardening accelerator.  
Chloride induced pitting will occur within concrete once a critical amount of chloride has diffused to 
the reinforcement[20]. This value is known as Ccrit, the critical chloride threshold. There are two 
possible definitions for Ccrit[19]. The first definition is the chloride concentration required for the 
initiation of corrosion as defined by the depassivation of the steel. This value marks the initiation 
phase of chloride induced corrosion and defines the time at which the pits on the steel surface first 
form. Defining Ccrit in this way is commonly regarded as the scientific definition because whilst it may 
be monitored in a laboratory it is impractical for use in asset management. Once pitting is initiated 
the steel will corrode, this is known as the propagation phase of chloride induced corrosion. 
Corrosion of the steel will commonly cause cracking, delamination and spalling of the concrete 
(although in some instances corrosion can propagate with no visible signs, for example where a low 
concentration of oxygen is present resulting in non-expansive corrosion products such as FeO[21]). 
These visual signs characterise the second definition of Ccrit which is the first instance of visible 
deterioration of the structure. This value of Ccrit is always higher than the scientific definition. This is 
because it will occur at a later time when more chloride has diffused through the concrete to the 
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surface of the steel. This is the value which is commonly used for infrastructure condition 
assessment.  
In order to quantify Ccrit, concrete samples are taken at a range of depths and locations across a 
structure (typically in each of the exposure zones). Each sample is then analysed to identify the 
chloride concentration. In the literature there is debate about how to quantify the chloride 
concentration in a manner which best correlates to corrosion risk[19]. The currently used test 
methods are able to quantify both the total chloride content (a combination of the bound, free 
chlorides and adsorbed chlorides) and the free chloride content (chlorides which are not chemically 
bound within the concrete matrix and are free to interact with the steel). These measured values 
can then be expressed in a myriad of ways such as: 
 a weight percentage against the concrete  
 a weight percentage against the cement or binder 
 a molecular ratio against the amount of hydrogen ions  
 a molecular ratio against the amount of hydroxyl ions 
Whilst there is debate regarding which of these ratios most accurately represents the likelihood of 
corrosion within the concrete, the most commonly used index in industry is the total chloride 
content as a weight percentage relative to the weight of concrete. This is due to the relative 
simplicity of the testing required. The commonly accepted limit within Australia is between zero 
point one and zero point four per weight percent of cement as stated in Australian Standard 
Handbook HB 84 “Guide to concrete repair and protection”[22]. 
There are a number of critical factors which influence the Ccrit value. These are discussed below. 
 
Steel Potential 
One of the most important factors affecting chloride induced corrosion is the potential of the steel 
itself. This is best shown in Figure 4 below. 
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Figure 4.Steel potential versus chloride content in concrete [23] 
 
Where the steel is sufficiently negative it will be in a thermodynamically stable state (denoted by the 
symbol C in Figure 4) in accordance with the immune zone shown in Error! Reference source not 
ound.. In this state pitting of the steel will not occur, regardless of the level of chlorides at the steel 
surface. Should the potential of the steel be more positive than the pitting potential, Epit (designated 
by symbol A in Figure 4) pitting is able to initiate and propagate on the surface of the steel. The final 
zone of interest is that denoted by symbol B, where the potential of the steel is more negative than 
Epit but above Epro, or the propagation potential. At these potentials pitting corrosion can propagate 
but no new pits are able to initiate. This is due to the changes in the local environment within the 
corrosion pit noted earlier, which make corrosion within the pit more favourable than corrosion 
without. This allows corrosion to continue in conditions where it is unable to initiate.  
Steel – Concrete Interface  
In order for chloride to affect the passive layer it must first have free access to the steel. In instances 
where the steel is not in intimate contact with the concrete due to voids or cracks, chloride will not 
induce pitting. This was demonstrated in a number of studies [24, 25] where pitting corrosion of 
steel reinforcement within a cast sample exposed to regular salt water wetting cycles initiated on 
the top surface of the reinforcement, despite the bottom face having higher chloride content. This is 
thought to be due to factors such as pooling of bleed water and plastic settlement under the action 
of gravity which were visually confirmed to have caused a poor interface at the bottom of the 
reinforcement.  
Concrete Resistivity  
Concrete resistivity is a measure of concrete’s resistance to the flow of charge. As chloride is a 
charged ion, any factors which impede the flow of charge will also impede the flow of chloride 
ions[25]. Principally among these is the pore structure of the concrete as determined by the water to 
cement/binder ratio[26]. 
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Concrete Composition 
The use of pozzolanic materials is common in many concrete mixes as a way to reduce cost whilst 
maintaining or increasing strength. Common industrially used pozzolanic materials are silica fume, 
fly ash and granulated blast furnace slag. These materials also have an effect on several key 
properties within the concrete. The combination of these effects affects the concrete’s resistance to 
corrosion[19]. These properties are examined below: 
 pH.  Pozzolanic materials are generally known to decrease the pH of the concrete due to the 
reduction in the basic chemicals found in ordinary Portland cement (OPC). This reduction in 
pH is equally observed in silica fume, fly ash and granulated blast furnace slag [19, 27]. A 
reduced pH decreases the corrosion resistance of the concrete by disrupting the protective 
passive film at the steel surface. Additionally the chemical binding of chlorides to various 
chemical elements within the concrete matrix is pH dependent. The result of this is that a 
decrease in pH releases bound chlorides, further exacerbating corrosion risk.  
 Chloride binding. Fly ash and granulated blast furnace slag have both been found to increase 
the binding of chlorides within concrete[28]. This is due to an increase in the proportions of 
active alumina present in these additives. Binding more chloride effectively removes it from 
the matrix, retarding the overall corrosion rate. It should be noted however that chemically 
bound chloride is not totally removed from the matrix and can be re-released by changes to 
the matrix’s chemistry (such as pH already discussed). Bound chlorides have been found to 
be lower in silica fume than in OPC[29]. 
 Concrete pore size. Silica fume has been found to refine the pore size of the parent 
concrete[19]. This reduction in pore size leads to a reduction in the diffusivity of chloride 
through the concrete as well as a reduction in the physical absorption of chloride from the 
environment. Silica fume will also reduce the diffusion of other electrically charged 
elements, thus increasing the resistivity of the concrete as a whole. In isolation this would 
reduce the corrosivity of the concrete.  
The effects of pozzolanic materials, when combined, may result in an increase or decrease in the Ccrit 
value and therefore the corrosivity of the concrete. Whilst there is some consensus that the addition 
of silica fume will decrease the Ccrit value, the overall effect of fly ash and granulated blast furnace 
slag varies between studies[19]. 
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1.5 Exposure Zones in Marine Structures 
The manner and rate at which steel reinforcement within concrete corrodes are highly dependent 
on the chemistry directly surrounding the steel[21]. For typical marine structures this will vary across 
the structure due to changes in the degree of immersion and therefore oxygen availability. Typically 
the exposure zones can be classified as being submerged, tidal, splash or atmospheric. 
The submerged zone is defined as the sections of the structure which are permanently submerged 
beneath water. Due to this the pores within the concrete are generally waterlogged. This has two 
significant effects on the chemistry at the reinforcement. The first is an increase in the concentration 
of chloride and the second is to drastically reduce the concentration of oxygen as compared to 
concrete in free air. The reason for this is that the diffusion of oxygen gas through liquid is lower 
than through the gas[30]. As a result the corrosion rate of the steel in this zone has been found to be 
relatively low compared to the splash or tidal zones. 
The tidal zone is defined as the area under the influence of the tidal motion of the ocean. This area is 
a transition zone where the lower areas immersed below water, and the higher areas above water 
for the majority of the tidal cycle. As the zone is examined from the lower section to the higher 
section the degree to which the pore structure is water logged will decrease causing the ability of 
oxygen to increase. 
Above the tidal zone is the splash zone. This zone is above the tidal line at all times however is 
regularly wet with sea water as a result of wave and wind action. The splash zone is not waterlogged 
allowing for the relatively free passage of oxygen through the concrete. Additionally the regular 
splashing of the surface with sea water will introduce a high concentration of chloride ions. As a 
consequence of these two factors the corrosion rates in this zone are known to be relatively high. 
Finally above the splash zone is the atmospheric zone. This zone is characterised as never being 
immersed in and only rarely splashed by sea water. As a consequence the moisture content of the 
concrete depends primarily on the prevailing atmospheric conditions. Additionally the chloride 
content is expected to be lower than the other zones. This results in a less corrosive environment 
characterised[31]. It is important to note that the atmospheric zone of a marine structure is by 
definition is adjacent to the sea. This means that both the moisture and chloride content of a marine 
structure is expected to be higher than that of an equivalent inland structure. 
A schematic representation of these four zones is given in Figure 5. 
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Figure 5.Classification of marine zones 
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1.6 Monitoring Corrosion of Steel in Concrete 
As the performance of steel reinforced concrete is strongly linked to the integrity of the 
reinforcement itself, it is critical that infrastructure owners have a realistic understanding of its 
condition. This is not a simple task. Commonly used monitoring techniques are discussed below. 
Visual Inspection 
Whilst visual inspections are able to provide an insight into the condition of the concrete they are 
unable to provide any indication of condition of the reinforcement or its rate of corrosion. A visual 
inspection will typically focus on the presence of cracking and spalling and are commonly 
supplemented with a tap or delamination survey. In this survey a hammer is used to strike the 
surface of the concrete. Areas where the underlying steel reinforcement is delaminated from the 
concrete will sound distinctly hollow when compared to areas where the concrete to steel bond is 
intact. In this way visual inspections focus on identifying the results of steel corrosion and provide a 
representation of the condition of the concrete at a set moment in time. However the lack of 
cracking, spalling or delamination does not definitively indicate corrosion is not occurring, simply 
that it has not propagated to the extent to provide visual cues[22].  
Chloride Concentration Testing 
As discussed in section 1.4, the concentration of aggressive anions, principally chloride ions, at the 
surface of the steel is a strong indicator of chloride induced corrosion. Therefore the chloride 
concentration at the steel surface is an essential. The commonly accepted limit within Australia is 
between zero point one and zero point four weight percent of chloride against cement as stated in 
Australian Standard Handbook HB 84 “Guide to concrete repair and protection”[22, 32]. 
pH Testing 
It is well understood that the pH of the concrete surrounding the steel has a significant effect on the 
likelihood of corrosion. Field testing of the pH is commonly conducted with standard pH indicators 
such as phenolphthalein, which undergo a distinct colour change dependent on pH[22]. This testing 
can be quite subjective.  
Concrete Resistivity 
High concrete resistivity presents a high resistance to the diffusion of electrically charged ions. As 
the movement of positive charge is central to the corrosion reactions, an increase in the resistance 
to their motion directly correlates to an increased resistance to corrosion. Resistivity is typically 
measured onsite using the four-probe Wenner method[33] where four evenly spaced probes in a 
linear formation are placed on the surface of the concrete. A known electrical current is passed 
between the outer probes and the potential difference between the inner probes is simultaneously 
measured. From these factors (voltage and current) the resistance between the probes can be 
calculated and normalised to resistivity by dividing by the distance between the probes. The 
resistivity of concrete varies with a number of factors such as; moisture content of the concrete 
(more water within the pores of the concrete allows for easier movement of charge and therefore a 
lower resistivity), concrete pore structure (more open pores allow for easier movement of charge 
and so higher water to cement/binder ratios which naturally result in a larger pore structure are 
associated with lower concrete resistivity) and the composition of the concrete itself (pozzolanic 
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materials such as fly ash have been shown to bind charge carriers and their use is associated with a 
lower late life resistivity[25]). Also linked to resistivity is the susceptibility of the concrete to chloride 
induced corrosion. As chloride is a charge carrier, any hindrance to the conductance of charge will 
also hinder the movement of chloride ions. 
Potential Monitoring 
Cast in reference electrodes provide a reliable and effective means of monitoring the potential of 
the steel reinforcement. Where cast in references are not available surface applied half-cells 
electrodes can be used. As has already been noted, the potential recorded at the steel is not the 
potential of either the anode or the cathode but the mixed potential of both. Measuring the 
potential of the steel provides an indication of its polarisation. Current Australian standards state 
that a mixed potential relative to silver / silver chloride more negative than -200mV is indicative of 
corrosion[22]. However when interpreting the results of a potential survey it is essential that the 
exposure zone in which the measurement was taken is noted as this can have a significant effect on 
the results.  
It is also important to account for the standard potential of the species of reference electrode used. 
Whilst the potential of steel quoted in the majority of literature is given relative to a hydrogen 
electrode, site works are generally conducted using a variety of other electrode types. This is 
because although the hydrogen electrode provides a stable reference point it is unwieldy and so not 
suited to site works. The most commonly used reference electrodes are the copper / copper 
sulphate, silver / silver chloride and manganese dioxide reference electrodes. Each of these 
references has a distinct potential relative to the hydrogen standard, and as such any readings taken 
using these electrodes can be related to each other or back to standard hydrogen electrode values if 
need be. When measuring the potential of steel it is essential that this difference is accounted for in 
order to ensure that the results are interpreted correctly[22]. 
Linear Polarisation Resistance  
This test methodology is based upon the Stern–Geary theory[34] which shows that the corrosion 
rate of the steel (Icorr) can be calculated using it’s Linear Polarisation Resistance. An example of a 
three electrode system using potentiostatic control is shown in Figure 6. 
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Figure 6. Example of a three electrode system using potentiostatic control 
During LPR testing a reference electrode is used to record the potential of the reinforcement (known 
as the working electrode). A potential difference of between ten millivolts and thirty millivolts is 
then applied between the reference electrode and the working electrode. This potential will disrupt 
the corrosion potential of the steel reinforcement and cause it to polarise. The applied potential 
difference must be small as LPR relies on the Tafel relationship (a linear relationship between the 
polarisation voltage and the current) which is only valid for minor changes in potential either side of 
the equilibrium potential. Once the potential difference is applied, the system is allowed to rest 
which allows the underlying reactions to establish a new equilibrium based on the polarised 
potentials. This rest period varies from thirty seconds to 300 seconds depending on the anticipated 
state of the steel (a longer rest time is used for passive steel than for active steel). 
Once equilibrium is achieved the current flowing between the auxiliary electrode and the working 
electrode is recorded. This information, along with an appropriate value for the Tafel slope, is input 
into equation 5below: 
𝐼𝑐𝑜𝑟𝑟 =
𝛽𝑎𝛽𝑐
2.3(𝛽𝑎+𝛽𝑐)
1
𝑅𝑝
=
𝐵
𝑅𝑝
     Equation 5 
𝑅𝑝 =
∆𝐸
∆𝐼
       Equation 6 
Where: 
βa,βc= Tafel constants. Taken as 120 mV 
Rp=The Polarisation Resistance 
B= The Stern – Geary Constant (a simplification of the expanded form of the equation) 
ΔE = The recorded change in potential between the working electrode and the reference electrode 
ΔI = The recorded current flow between the working electrode and the auxiliary electrode 
The resultant corrosion current is then normalised to a corrosion current density using an 
approximation of the surface area of the working electrode (reinforcement).A guard ring is 
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commonly used to prevent current leaking to steel outside of the test area to increase the accuracy 
of the calculated steel density being tested. Using Faraday’s law and the corrosion process is that 
represented in equation 1, the corrosion current can be converted into an annual corrosion rate. 
These metrics (corrosion density and corrosion rate) are commonly used to assess the status of the 
reinforcement steel as per Table 1. 
Table 1.Steel corrosion status as per corrosion current density and corrosion rate[17, 34] 
Corrosion current density 
(µA/cm²) 
Mean corrosion penetration 
rate (µm/year) 
Corrosion classification  
Up to 0.1 – 0.2 Up to 1-2 Very low or passive 
0.2 – 0.5 2-6 Low to moderate 
0.5 – 1.0 6-12 Moderate to High 
>1.0  >12 High 
 
LPR is an example of a potentiostatic test, so known because a set potential difference is applied 
between the working and reference electrodes in order polarise the steel. Similar electrochemical 
testing methodologies with the ability to measure the instantaneous corrosion rate also exist. 
Principally among these is the galvnanostatic test. In a galvnanostatic test a set current is applied to 
the system and the resulting change in potential recorded. This methodology has been 
commercialised in the Gcorr system[35, 36].  
Additionally the galvanostatic pulse transient method is increasingly used, in particular the product 
GalvaPulse[37]. In this test methodology a similar apparatus to that shown in Figure 6 is used to 
apply a set current between the reinforcement and the auxiliary electrode (also known as the 
counter electrode). The magnitude of the applied current is adjusted according to the expected 
condition of the steel. For passive steel a current of approximately five micro amps is generally 
applied, for active steel this can increase to 400µA. The current is applied for five to ten seconds and 
causes polarisation of the steel. This is seen as a positive perturbation of approximately twenty to 
thirty thousandths of a volt in the potential between the working electrode (steel) and the reference 
electrode. Should the applied current and time frame be insufficient to induce a perturbation within 
this range both factors are increased (common in active steel). If they produce a perturbation too 
large they are decreased (common in passive steel). A modified version of the Stern–Geary equation 
can then be used to relate the potential change and applied current to the steels corrosion rate[38].  
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1.7 Impressed Current Cathodic Protection of Steel in Concrete 
Impressed current cathodic protection is an electrochemical technique first developed in the 
1970s[6] which has become a common method to arrest the corrosion of steel structures, including 
reinforcing steel within concrete. Although ICCP design differs between structures all ICCP systems 
consist of the same basic elements. These are shown in the schematic (Figure 7) and described in the 
text below. 
 
Figure 7.Schematic of basic elements of an ICCP system 
Transformer Rectifier: The transformer rectifier unit (TRU) converts a mains voltage alternating 
current (AC) power source into a direct current (DC) power source of predetermined voltage and 
current determined and set by the Cathodic Protection (CP) technician/engineer. 
Reinforcement or negative connection: Given that the reactions (anodic and cathodic) take place on 
the surface of the steel, the surface area of steel reinforcement within the concrete structure is 
critical to the design of an ICCP system. Prior to the installation of the system the surface area of the 
steel is meticulously calculated and a safety factor added at the discretion of the designer. Once this 
is known the amount of charge required to protect the steel is calculated. This calculation is 
commonly made using the empirically proven assumption that each square metre of steel to be 
protected should be provided with a protective current density of 20mA/m2. This number is not 
based on theoretical considerations however it has been shown to be appropriate to ensure 
protection and is listed in the Australian Standard AS 2832.5 as a guide[39].All reinforcement within 
a structure being protected with an ICCP system is made electrically continuous prior to its 
operation. Once continuous a connection is made between the reinforcement and the TRU (termed 
the negative connection). 
Anode: The anode is where the anodic reactions take place and it is through these reactions that 
positive charge is injected into the concrete (electrolyte). The surface chemistry, surface area and 
surface to concrete bond are all critically important for the operation of the anodes. Anodes may 
 23 
 
take a variety of forms and configurations depending on the elements to be protected and the 
design of the system.  
Anodes used for an ICCP system are generally inert elements embedded into the concrete. The most 
common element used is mixed metal oxide coated titanium (often of propriety composition). 
Geometry is also important for ICCP anode systems as the geometry of the anodes has significant 
effect on its surface area, ease of installation and current distribution. ICCP anodes can take the 
form of mesh, solid strips, or solid tubing. Mesh is commonly used to increase the surface area of 
the anodes and also to improve the anode to concrete interface. Conventional ICCP systems utilise 
either ribbon anodes (a continuous strip of mesh) installed within a chase along the surface of the 
concrete or discrete anodes installed deep within the concrete (as per Figure 7). Ribbon anode 
designs are often easier to install whilst discrete anodes provide a greater resistance to acidification 
and more even current distributed to deeper set steel. The structures in this project utilise discrete, 
strip and square mesh anode designs. Other anode configurations include surface installed anodes 
and galvanic paint anodes (anodic metals suspended in polymeric paint applied to the surface of the 
concrete). Both these options have the significant advantages of being easier to install and 
possessing an aesthetically pleasing finish. However the life and current distribution of these anode 
systems can be below that of the more conventional systems making them less attractive for 
applications where access is not readily available. 
In addition to the design of the anode, their placement within the concrete relative to the location of 
the steel is important. Each anode has an inherent ability to conduct charge into the concrete. For 
simplicity in design this is often reported as charge conducted per linear metre of anode. The 
protective current density required (calculated from the steel surface area) must be provided from 
the anodes, and as such the designer must ensure that the installed anodes have sufficient capacity 
(based on their rated conducted charge per metre square of surface area) to conduct the required 
amount of charge to protect the steel. In addition to this the designer must take into account the 
“throw” of the anodes. This is how far the charge can be dispersed into the concrete before it 
dissipates. This throw is dependent on the resistance of the concrete, the operating voltage 
(operating voltage is generally limited to below six to twelve in order to prevent pitting corrosion of 
the titanium) and the density of the steel. The anodes are terminated in the TRU via a positive 
connection. 
Concrete: The concrete itself is an important element of the ICCP system, as it is electrolyte allowing 
the flow of charge.  
The basis of ICCP is to supply an electrical current to the steel reinforcement. Conventional current is 
passed through the positive connection to the anode. As a result of this charge, anodic reactions 
occur at the anodes surface. These reactions liberate charged ions which are able to flow through 
the electrolyte to the surface of the steel. At the steel surface cathodic reactions occur resulting in 
the uptake of charge which is then able to flow through the continuous steel reinforcement to the 
negative connection and through this connection back to the TRU to complete the electrical circuit. 
With the establishment of an operating current, protection of the steel is afforded through a number 
of mechanisms[23, 40].Primarily the application of a current will shift the potential of the steel to 
more negative values, reducing its over potential. As can be seen from Figure 3a), a reduction in the 
potential of steel in the active zone will result in a reduction in the corroding current density, thus 
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decreasing metal dissolution [41, 42]. Furthermore if the potential of the steel is shifted below a 
critical value, Epas, the steel will become thermodynamically stable as depicted in Error! Reference 
ource not found., and corrosion will be arrested altogether[43]. This is considered to be the primary 
manner in which an ICCP system provides protection to the steel. However there are additional, and 
arguably no less significant, mechanisms which also play a large role [40, 44, 45]. These are: 
 The production of hydroxyl ions 
 The breakdown of oxygen gas 
 The repulsion of aggressive anions 
The cathodic reactions facilitate the breakdown of oxygen gas into ions which then react with the 
surrounding pore water to produce hydroxyl ions at the steel surface. This increases the pH directly 
surrounding the steel allowing the repair of the passive oxide layer[46] and returns the steel to a 
passive state. Restabilising the pH of the concrete in this way is an electrochemical treatment in its 
own right known as re-alkalisation and is becoming increasingly popular[47]. 
The breakdown of oxygen gas will reduce the concentration of oxygen at the steel surface. As 
oxygen is a reactant in the anodic reaction, reducing its concentration at the steel surface will reduce 
the corrosion reaction rate via concentration polarisation[40].The effectiveness of this mechanism is 
limited in atmospherically exposed concrete where oxygen gas is able to diffuse freely into the 
concrete matrix. 
As the steel becomes negatively polarised it is believed that it will repel negatively charged chloride 
ions away from its surface [48, 49]reducing the chloride concentration below the critical chloride 
threshold Ccrit.  
Whilst the operation of an ICCP system is able to reduce the effects of corrosion in an aggressive 
environment, there are several risks associated with its use. The most prominent of these risks are; 
the potential to cause hydrogen embrittlement in high strength carbon / low alloy steels, an 
acceleration of the alkali aggregate reaction (ARR), also known as the alkali silica reaction (ASR), and 
acidification of the concrete at the anodes. 
When the potential of the steel is depressed to a value of -950mV or below in a high alkaline 
environment (pH of twelve point five or higher),chemical reactions which favour the production of 
hydrogen gas are more prevalent (please note that the critical potential varies with pH according to 
the Nernst equation[50]). For conventional steel reinforcement this does not present a risk however 
for high tensile steel strands commonly used in pre or post stressed concrete, hydrogen has the 
potential to diffuse into the steel’s atomic matrix. The hydrogen gas molecule can act a stress 
concentrator reducing the steel’s toughness. This is known as hydrogen embrittlement [16, 51]which 
can cause sudden brittle failure in the steel. In addition to the reduction in toughness hydrogen 
embrittlement also changes the failure characteristics of the concrete from ductile to brittle which is 
in itself significant. 
When an ICCP system is used it changes the local chemistry of the concrete at the steel surface by 
producing hydroxyl ions. These changes are generally considered beneficial to the structure however 
it is known that certain concrete aggregates can react with the hydroxyl ions in the cement to 
produce expansive products. These products then cause cracking and general degradation of the 
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concrete structure [52, 53]. As an ICCP system increases the alkalinity at the surface of the steel, 
aggregates which are already susceptible to ASR face increased risk.  
The reactions occurring at the anode are equally important to the durability of the ICCP system. A 
portion of these reactions produce acid. The amount of acid produced at the anode increases with 
both the amount of charge passed by the anode and the water content at the anode[54]. The build-
up of acid at the anode can significantly deteriorate the concrete surrounding the anode, not only 
reducing the structural capacity of the concrete in this area, but also negatively affecting the bond 
between the anode and the concrete. 
It is anecdotally accepted within the industry that the design current required to cause initial 
passivation of the steel is greater than the long term operating current. It is believed that re-
alkalisation, chloride repulsion and the reduction in oxygen concentration facilitate this current 
reduction. This reduction of the current will preserve the operational lifetime of the ICCP system and 
reduce the likelihood of acid attack at the anode and hydrogen embrittlement. 
In addition to ICCP another form of cathodic protection, known as galvanic cathodic protection 
(GCP), has been in used since the 1800’s. In this form of protection an electrochemically active metal 
is used as the anode, and it is the potential difference between this anode and the metal to be 
protected which drives the protective current. This means that the anode material used in these 
systems needs to consist of a metal more electrochemically active than the cathode. Commonly 
used metals include zinc, magnesium and aluminium. The physical geometry of the anodes is highly 
important in these systems. Particularly the following: 
  The surface area of the anode must be large enough to support sufficient chemical 
reactions to provide the required amount of charge. 
 The geometry must ensure that the anode will corrode evenly across all surfaces and remain 
intact as a single unit throughout the life of the system.  
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1.8 Monitoring the Effect of an ICCP System 
Monitoring is of critical importance to the operation of any ICCP system. ICCP systems are 
traditionally monitored using the potential reported from cast in reference electrodes installed 
adjacent to the steel. There are numerous standards in use worldwide which describe the correct 
procedure for the design, construction, commissioning and monitoring of ICCP systems. Whilst this 
study will focus mainly on the Australian Standard, note that many of the principles stated in this 
standard are echoed throughout these similar standards, such as ISO 12696:2012, Cathodic 
protection of steel in concrete[55]. 
AS 2832.5 Part 5: Steel in concrete structures[39] describes steel as being protected from corrosion 
when one of the following criteria are met: 
a) A potential decay over a maximum of 24 hours of at least 100 mV from the instantaneous off 
potential. This is known as the potential decay criterion.  
b) A potential decay over a maximum of 72 hours of at least 100 mV from the instantaneous off 
potential. This is known as the extended potential decay criterion. 
c) An instantaneous off potential more negative than -720 mV with respect to a silver / silver 
chloride reference electrode. This is known as the absolute potential criterion. 
d) A fully depolarised, or a potential which is continuing to depolarise over 72 hours after the 
ICCP system has been switched off which is consistently less negative than -150 mV with 
respect to silver / silver chloride reference electrode. This is known as the absolute passive 
criterion. 
Note that ISO 12696:2012, Cathodic protection of steel in concrete, acknowledges that the above 
criteria are empirical in nature and allows for the use of corrosion risk assessment in order to assess 
the effectiveness of an ICCP system.  
Criteria a) and b) – Potential Decay  
The potential decay criterion is based on the empirical observation that correlates a potential decay 
in the steel from the instant off of minimum 100mV with passivity. As such this is an empirical 
criterion. This criterion is particularly important in the splash and atmospheric zones. In these 
locations the cathodic reaction will not be limited by the rate of oxygen diffusion. Therefore the 
effect of concentration polarisation will be negligible. With the impediment of O2diffusion rates 
removed, the overall corrosion rate is instead restricted by activation control of the cathodic and 
anodic reactions. 
As previously discussed Figure 2 shows the relationship between typical anodic and cathodic 
reactions under activation control. As is clear from this graph, in these conditions the corrosion 
current density is related to the steel’s potential via a logarithmic relationship. Thus for a given shift 
in potential, the shift in current density is significantly larger. In order to shift the potential of the 
steel in atmospherically exposed concrete into the absolute passive region, the required current 
density would be significantly larger than the recommended ICCP design current densities (10 
mA/m2 – 20mA/m2 )[56]. Due to this, steel within the atmospheric zone is unlikely to meet the 
absolute passive criterion and as a result the potential decay criterion has become common for 
assessment of the protection status in atmospheric zones. 
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In an attempt to further understand the potential decay criterion laboratory experiments have 
examined the potential shift of steel corroding within a concrete sample modelled as being within an 
atmospheric zone. The studies indicate that in order to achieve a potential shift of 100mV, the 
applied current density would need to be five times greater than the corrosion current density[15]. 
The corrosion rate of actively corroding steel in the atmospheric zone is commonly in the order of 
100mA/m2[7, 57] and the applied current densities are often an order of magnitude below this. This 
suggests that where the 100mV decay is achieved the corrosion current density must be significantly 
less than 100mA/m2. Furthermore the one to five relationship between the applied current and the 
potential shift indicates that for an ICCP system with a standard design current which achieves 
100mV decay, the corrosion rate is in the range of two millionths of an amp per meter squared of 
steel surface area to five millionths of an amp per meter squared of steel surface area, a level which 
is commonly considered to be passive or near passive.  
Criterion c) – Absolute Potential 
This criterion indicates that steel has achieved a thermodynamically stable state as shown in the 
Pourbaix diagram in Error! Reference source not found.. This criterion is most commonly achieved 
n the submerged zones of marine infrastructure as well as the lower tidal zone. In these zones the 
concrete pores are water logged and, due to slower diffusion of oxygen through water, the steel in 
these areas are highly polarised. Polarisation of the cathodic reaction causes a depression of both 
the Ecorr and icorr values, reducing corrosion rate. The lower Ecorr in the submerged concrete is easier 
to depress to the required -720mV via the application of ICCP. For this reason the absolute potential 
criterion is achieved most commonly in the submerged and tidal zones. 
Criteria d) Absolute Passive  
It is known that in some instances the unpolarised potential of the steel becomes more positive than 
the native potential after ICCP has been applied. This increase in potential is the result of the 
reduced corrosiveness of the local environment around the steel. This is driven by the secondary 
effects of ICCP, namely the production of hydroxyl ions at the steel surface as well as the removal of 
aggressive anions (Cl-). This criterion indicates that the steel is in a passive state due to the placid 
conditions of the surrounding concrete. 
.   
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1.9 Disruptive Technologies and Residual Protection 
The importance of the secondary effects of ICCP has been known for some time; however both 
industry and the literature have begun to explore the potential applications of these effects to refine 
conventional technologies. These newer technologies include re-alkalisation and chloride 
extraction[47]. Both of these protective methods require a temporary anode system to be installed 
within or on the surface of the concrete and a connection to the steel established. Once the 
connections are made a temporary TRU is connected and charge injected into the steel. Re-
alkalisation aims to exploit the decrease in pH caused by the production of hydroxyl ions at the steel 
surface and so re-establish the passive layer on the steel. Chloride extraction aims to reduce the 
concentration of chloride ions at the steel surface. Despite their similarities these two techniques 
are distinct and the design of the anodes, driving voltage and amount of current injected depends on 
which technique is used. 
More recently industry has turned to hybrid systems. In a hybrid system permanent sacrificial 
anodes (normally made of anodic metal alloys) are installed within the concrete structure and 
temporary cabling is run to a temporary TRU. The TRU is used to inject charge into the steel to 
induce passivity. This is known as the impressed phase. Once the steel is made passive the TRU is 
removed and the anodes are connected directly to the steel in what is known as the sacrificial phase 
which will last for the majority of the system’s operational life. Sacrificial systems like this are 
traditionally limited by the amount of charge and charge density that they can provide and so are 
normally not favoured for aggressive environments. To combat this hybrid systems rely on the 
initially large charge injection during the impressed phase to pacify the steel, reducing the current 
demand to a level which can be supplied by the sacrificial anodes[58]. 
Research has been done[4] into the viability of providing cathodic protection to concrete via anodes 
installed in water. Using this mechanism the submerged concrete elements are provided with a 
protective current through the sea water. The result is that the portion of the concrete element in 
the tidal zone receives current during the high tides when the concrete is immersed. These studies 
show that protection in these instances relies on both the magnitude and duration of the injected 
charge (commonly termed a pulse)[4]. 
Other research has explored how the secondary effects of ICCP can affect structures with 
established ICCP systems. This research has indicated that the passivity of the steel can be retained 
even after the applied current has been stopped [6, 44].One such study of ten structures in the UK 
showed that the steel remained passive up to three years after the ICCP was decommissioned[5, 45]. 
This was determined by potential monitoring and corrosion rate testing which revealed noble 
potentials as well as corrosion rates of less than two micron per year. These results indicate that the 
steel was passive at the time of the study. A similar finding was also reported on a marine structure 
in the Port of Melbourne[3]. This study focused on a structure which had an established ICCP system 
that was disrupted by an electrical surge. The structure was followed for a period of two months 
after the ICCP system was discontinued and used potential monitoring to establish the condition of 
the steel. This study found that the structure appeared to remain passive despite not receiving 
protective current. It is likely that the ongoing passivity of the steel is due to the cumulative effects 
of the secondary effects of ICCP [4, 40, 59]. 
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The continued protection is not observed within all concrete structures. In many instances the 
potential readings after as little as three days can indicate that the steel has become active[6]. This 
may be due to a number of factors including different system design, varied levels of exposure, 
differential oxygenation of the structure, operating currents, cumulative charge and the chemistry of 
the electrolyte. 
In order to provide more definitive insight into residual protection, a structured laboratory 
assessment was conducted in a recent study at the Royal Melbourne Institute of Technology (RMIT) 
[60-62]. The study focused on creating concrete elements of known steel densities and chloride 
concentrations, aging them to induce corrosion, and then applying ICCP at a variety of charge 
densities for a variety of times. The results showed the presence of residual protection and 
demonstrated a strong link between the charge density of the applied ICCP and the length of time a 
sample remained passive. Whilst this is a significant finding there is still scope to develop this study 
to an in-situ situation to confirm the findings [60-62] and expand upon them to delve deeper into 
the underlying mechanisms.   
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2. Methodology 
Wharves located in two Victorian ports (nominated as wharf A and wharf B) were utilised for this 
study. Both wharves have established concrete ICCP systems which have been operating for over 
three years providing protection to the steel reinforcement within the concrete.  
An initial desk top review of both wharves was conducted prior to interrupting the system. The 
review focused on the history of the wharf, the original drawings, construction methods, ICCP design 
reports, commissioning reports and the monitoring history of the ICCP system. Particular attention 
was paid to the age of the structures, length of time the ICCP has been active, exposure 
environment, design current densities and charge passed to steel to date. 
Once the operational history of the wharf had been established these systems were suspended for a 
period of two to three months and the potential of the steel was monitored. The length of time for 
which the systems were suspended was dependent on both the operational requirements of the 
port authority and the corrosion status of the steel. 
Once the ICCP system was disconnected the status of the steel (active / passive) was classified by 
monitoring the potential of the steel over time. This is possible as the structures have cast in 
reference electrodes consisting of silver / silver chloride half cells. The reference electrodes were 
embedded into the concrete near the steel at a variety of locations during the initial installation of 
the ICCP systems. They have been installed to provide a realistic representation of the potential of 
the steel throughout the wharf and so are installed at a number of locations in a variety of exposure 
zones in line with AS 2832.5 [39]. 
A data logger was used to capture the required amount of data for a meaningful study. In the case of 
wharf A, a data logger existing at the site was utilised, whilst in the case of wharf B, a data logger 
was brought to the site. 
For both wharves A and B the potential of the steel against the reference electrodes was recorded at 
no more than four hourly intervals for a period of no less than two months. This allowed for the 
required granularity in the data whilst still falling within the capacity of the data loggers.  
The activity or passivity of the steel was judged based on the potentials recorded from the reference 
electrodes. The electrode potentials were assumed to be stable unless otherwise indicated by either 
the monitoring reports or the collected data. In order to gauge the activity status of the steel the 
three criteria described below were used. 
2.1 Absolute Passive Criterion 
This criterion is based on the absolute passive criterion described in the Australian standard[39]. This 
criterion states that; the depolarised potential of the steel, or a potential which is continuing to 
depolarise, is to be consistently less negative than -150mV.For the remainder of this study the term 
absolutely passive shall be used to describe an element which has met this absolute passive 
criterion. Whilst this criterion is clear and measurable using the tools available, it must be noted that 
this is conservative. For this reason it will be supplemented by the additional criterion described 
below.  
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2.2 Near Passive Criteria 
The absolute passive criterion applies a strict limit of -150mV in order to classify steel as either 
passive or active. However this is an empirical and conservative limit and it is possible that steel 
which does not achieve this criterion may still be passive, especially if the potential of the steel 
remains consistently more positive than the native potential whilst fully depolarised. For this study 
the absolute passive criteria will be extended to classify beams as “near passive” if they exhibited 
stable positive potentials between -150mV and -250mV. 
2.3 Depolarisation Behaviour  
Whist the introduction of the near passive criterion described above goes someway to remove the 
conservativism of the absolute passive criterion, one issue which remains is how to classify the state 
of steel in regions which are water logged. In these areas the potential will be relatively negative due 
to concentration polarisation. In these instances the shape of the potential versus time plot may 
provide information as to the state of the steel. Activation of the steel is characterised by a negative 
trend in the potential. This can occur quite suddenly resulting in a sharp curve. This type of 
behaviour can be distinguished from negative excursions caused by electrical activity as activation 
events result in a sustained negative trend whilst electrical activity generally results in short term 
excursions after which the potential recovers to its pre-event level. 
Using the above methodologies it was established if the steel was passive following the 
discontinuation of the ICCP system, whether the steel subsequently became active, and, if relevant, 
the duration of the residual passivity.  
Points of particular interest during the study were the native potential, the instant off potential and 
the depolarised potential. These terms are described in greater detail below. 
2.4 Native Potential 
The native potential is the original potential of the steel taken prior to the application of any 
protective charge (operation of the ICCP system). The significance of this value is that it was 
measured many years into the operation of the wharves, but before the ICCP systems were in use. 
Therefore this value is a good representation of Ecorr, the equilibrium corrosion potential of the 
wharf after corrosion had been allowed to propagate uninterrupted for a number of years.  
2.5 Instant Off Potential  
The instant off potential is the polarised potential of the beam. It is not possible to record the 
polarised potential of the steel with the ICCP system on as the current flowing through the system 
will distort the recorded potential. For this reason the on potentials, although commonly recorded, 
are not used for an assessment of the effectiveness of the system. However once the ICCP system is 
switched off the potential of the steel rapidly depolarises, with a significant portion of the 
depolarisation occurring very quickly. For this reason the instant off potential was recorded within 
zero point five too one second of the system being interrupted. This was done using a data logger 
allowing a highly accurate instant off potential to be recorded, free of technician error. This being 
said the data loggers themselves take a finite amount of time to open each channel and record the 
value, before closing the channel and moving to the next. The logging process was initiated at a 
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nominated time (zero point five too one second after the system was interrupted) and the final 
reference recording was taken after a period of delay due to time required to log each previous 
reference electrode. This may be insignificant for most recordings however due to the fine window 
of recordings for the instant off potential this may be a factor in some instances where a large 
number of references are attached to the one data logger. This delay can cause a small but 
noticeable time difference between when the first and final measurements are recorded. The effect 
of this is to understate the polarised potential of the last reference to be recorded.  
2.6 Fully Depolarised Potential 
The concrete structures will continue to depolarise for a number of days to weeks once the ICCP 
system is discontinued until the polarising effect of the ICCP system has ceased and the steel has 
returned to its Ecorr potential. It was assumed that the structures being examined in this study were 
fully depolarised at the end of the study. 
The historical data was compared to the above factors to identify how the following variables 
affected the passivity of the steel: 
 Charge passed to the steel 
 Degree of exposure (splash zone, tidal zone) 
  
 33 
 
3. Wharf Description and History 
Wharf A 
Wharf A is located in the temperate waters of southern Victoria. The wharf was built in the mid to 
late 1960’s with the first ship docking in 1969. The wharf consists of a series of piles supporting 
transverse beams, which in turn support a cast insitu concrete deck. The wharf is aligned in a 
north/south orientation with the water on the eastern side of the structure and land to the west. 
The southern end opens to a large tidal river. During its years of operation the wharf suffered from 
chloride induced corrosion of the reinforcement resulting in spalling of the concrete and a reduction 
in structural capacity. In the mid-2000s the wharf underwent a large scale rehabilitation involving 
the reinstatement of the corroded steel and the installation of two ICCP systems. The first to a 
number of the transverse beams (henceforth simply referred to as beams) at the northern end of 
the wharf and a second separate system installed to protect selected sections of the fender blocks 
(henceforth referred to as fender blocks) at the southern end.  
The height of the beams relative to the average water level varies along their length, with the 
western most (landside) section of the beams sitting approximately 600mm higher than the eastern 
most (waterside) section. This means that the eastern most section of the beams is partially 
submerged during the high tides whilst the westernmost sections are not. Due to this regular 
wetting the beams are protected using an internal discrete anode design to maximise cover and 
minimise the risk of acidification. The fender block elements are all at a uniform height of 1500mm 
with the lower most 500mm protected using ribbon anodes.  
Current to the ICCP system is provided via twenty four transformer rectifier units, eighteen of which 
provide current to the beams, and six of which provide current to the fender blocks. The beams are 
grouped into cohorts of five, known as a region (regions are labelled i, through to ix, the regions are 
simply a geographical grouping). Within each region two zones (zones designated 1-18) have been 
defined based on RL, with each zone of five beams receiving current from a dedicated transformer 
rectifier unit (termed a controller). The first of the two zones (henceforth known as zone one on all 
beams) consists of the tidally affected easternmost portion of the beams, whilst the second zone 
(henceforth known as zone two on all beams) consists of the higher western portion which sits 
within the splash/atmospheric zone. The fender block elements are not grouped into regions, but 
are instead grouped into zones (nominated as A through to F) with each zone consisting of five 
adjacent fender blocks, all within the same exposure environment (the fender blocks are considered 
to be within the tidal / splash zone). A schematic showing the general beam and fender block region 
/ zone arrangements is displayed below in Figure 8 (please note not all regions shown in schematics 
for simplicity) and a schematic showing the beam zones is displayed in Figure 9. 
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a) 
 
b) 
Figure 8. Schematic of a) the transverse beam region arrangement and b) the fender block zone 
arrangement 
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Figure 9. Schematic showing the transverse beam zone arrangement 
 
A total of seventy two silver / silver chloride reference electrodes were installed evenly across zones 
one and two. Additionally a total of thirty reference electrodes were installed into the fender blocks 
(one reference into each fender block). Unfortunately as built documents showing the exact location 
of each reference electrode were not available. All reference electrode potentials, along with the 
output current and voltage from the transformer rectifier units are monitored using an Aligent 
34970A data logger system. 
Based upon the design report the both the beam and fender block ICCP systems were designed to 
operate within the following parameters: 
 Provide a maximum current density of twenty mA/m² of steel reinforcement surface area. 
 Not exceed the anode output rating of 110mA/m² of anode surface area. 
 Operate on a working voltage less than five volts in order to minimise the risk of pitting 
corrosion occurring on the titanium conductor bar. 
These parameter values were used to inform the analysis of the systems operation. 
It should be noted that there is a water ICCP system installed alongside the concrete ICCP system. 
This will provide some protection to the lower elements (those located at or below mid-tide) of the 
ICCP system at high tide when the concrete is immersed in the sea water electrolyte. It is not 
possible to quantify the amount of charge which may have passed to the beams in this manner. 
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Wharf B 
Wharf B is also located in the temperate waters of southern Australia. The wharf consists of forty 
two bents (each bent is approximately five metres long) oriented in a roughly north to south 
direction. Each bent consists of steel piles supporting reinforced concrete beams which in turn 
support a reinforced concrete deck. The concrete beams run in a transverse direction to the deck or 
an east west orientation. On the western side of the wharf there exists a reinforced concrete 
retaining wall. Construction of the wharf was completed in 1982 after which time it went into 
operation and has operated continuously since that time. During its operational life the wharf 
suffered from chloride induced corrosion of the reinforcement resulting in spalling of the concrete. 
Continued deterioration at this rate would have resulted in a reduction in structural capacity. In 
order to prevent this, the wharf was remediated over a period of several years, beginning in 2005. 
The remediation program for this wharf was tailored to align with its operational commitments as 
well as the availability of the work force whilst ensuring that the structure remained sound. This 
resulted in a progressive remediation program which occurred in an ordered manner from the 
southern end of the wharf to the northern end with several bents being remediated at one time. The 
remediation works involved the removal of defective concrete, the augmentation of corroded steel 
and the reinstatement of concrete with an appropriate repair mortar. In addition to these patch 
repairs an ICCP system was installed in both the areas undergoing repair and the adjacent areas 
where delamination had not yet occurred. Elements remediated in this way include the transverse 
beams (denoted as beams or B in this study), the soffit of the deck (denoted as deck or D in this 
study), the fender (denoted as fender or F in this study), the front beam (denoted as front beam or 
FB in this study), the back wall (denoted as back wall or BW in this study) and the back deck 
(denoted as back deck or BD in this study).  
The schematic of the wharf is shown below in Figure 10. 
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Figure 10. Schematic showing the elements of wharf B 
The anode system consists of two forms of mixed metal oxide coated titanium mesh anodes. In 
areas where defective concrete was removed (due to spalling or delamination) an anode with sheet 
geometry was installed. In repair areas where defective concrete was not removed slotted anodes 
were embedded within narrow horizontal slots cut into the non-defective concrete. 
In addition to the anodes a total of forty-two silver / silver chloride reference electrodes were 
installed evenly across the wharf in order to monitor the ICCP systems operation. The references 
were installed across all of the elements being remediated. For the remainder of this study reference 
locations shall be denoted first by the bent number, and then by the type of element the reference 
is installed in. As such 32B shall refer to the reference located in the beam at bent 32 and11D would 
refer to the reference located in the deck soffit of bent 11. 
The ICCP system was commissioned and ICCP applied as each section of bents being remediated was 
completed. The result of this is a rare time lapse where the age of the ICCP system deceases further 
north along the wharf. The most recently installed elements of the ICCP system were from bents 11 
to bent 2. Due to the recent installation of these elements native potential data is not available for 
these elements at the time of publishing.  
At the time of thesis submission the historically applied currents were not available. This has meant 
that it has not been possible to comment on the amount of current injected into each of the 
elements. 
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It should be noted that there is a water ICCP system installed alongside the concrete ICCP system. 
This will provide some protection to the lower elements (those located at or below mid-tide) of the 
ICCP system at high tide when the concrete is immersed in the sea water electrolyte. It is not 
possible to quantify the amount of charge which may have passed to the beams in this manner. 
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4. Wharf A Results 
4.1 Transverse Beams Detailed Analysis of Operation to Date 
In order to determine the surface area of the steel reinforcement within the beams the original 
construction drawings were examined. To capture the amount of current passed into the beams 
over the course of the ICCP system’s operating life the regular monitoring reports which state the 
operating outputs of the TRUs at the time of the inspection were studied. These reports were 
produced at approximately twelve monthly intervals throughout the systems’ life. The following 
assumptions were made during this process: 
 Steel reinforcement location and diameters are as per the original design drawings. 
 Any additional steel elements added to the structure (hold down bolts, brackets, tie rods 
ect) are isolated from the ICCP system (encased in epoxy) and need not be considered in 
these calculations.  
 It is known that the rehabilitation works which took place prior to the installation of the ICCP 
system involved the supplementation of corroded reinforcement. However there is no clear 
record of the extent to which this supplementation occurred. It has been assumed that the 
amount of steel added to the structure through this process is negligible when compared to 
the original amount of steel. This additional steel has not been considered in this study. 
 The ICCP system monitoring reports were conducted at six monthly intervals. The reports 
were presented in two distinct formats, a regular report and an annual report. The regular 
reports provided current and voltage output values from the TRUs. However they did not 
provide a subzone breakdown of this information, therefore it was not possible with this 
report data alone to understand the current passed to each zone within an individual beam. 
Conversely the annual reports provided the subzone currents. As such this study only 
considered the information provided within the annual reports. 
 The annual report provides the current and voltage information as “as found” and “as left”. 
The “as found” data refers to the current and voltage noted on first arrival to site prior to 
any intervention on the part of the CP technician / engineer whilst the “as left” data refers 
to the current and voltage outputs once the CP technician / engineer has made any changes 
based on their assessment of the system. It is expected that changes were made in order to 
minimise the current output required to provide protection. For the purpose of this study it 
was considered most appropriate that “as found” currents be used to represent the time 
period between annual reports. 
 It was assumed that the current output from the TRUs was constant during the intervening 
time between annual reports and that the system was not switched off for any reason 
during this time. 
 The current information was calculated only for the beams/zones which contain reference 
electrodes, limiting the scope of this study to these beams. The rationale behind this is that 
it is only possible to know the active / passive status of these selected beams and as such 
whilst it is possible to calculate the current passed to the remaining beams, there are no 
insights to be gained from this information.  
The results of this analysis established that the steel surface area is forty one square metres within 
zone one and ten square metres within zone two. This information was then combined with the 
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output currents noted on the annual monitoring reports to provide an approximation of the overall 
charge injected as well as the charge injected per square metre of reinforcement surface area. A 
summary of this data is presented below in Table 2 and the full breakdown of information for each 
beam is presented in Table 3. 
Table 2.Summary of the historical current analysis for the transverse beams 
 
Zone 1 Zone 2 
Mean charge passed (MC) 43.15 15.31 
Mean charge passed (MC) 
per sq/m of steel surface 
area 
1.06 1.46 
Median charge passed 
(MC) 
43.88 16.39 
Median charge passed 
(MC) per sq/m of steel 
surface area 
1.07 1.56 
Maximum charge passed 
(MC) 
79.82 21.14 
Maximum charge passed 
(MC) per sq/m of steel 
surface area 
1.96 2.01 
Minimum charge passed 
(MC) 
27.15 7.51 
Minimum charge passed 
(MC) per sq/m of steel 
surface area 
0.67 0.72 
Mean time weighted 
average voltage 
1.84 1.82 
 
Table 3.Historical current analysis for each transverse beam and zone 
Beam 
Number Zone 
Total Charge 
Passed (MC) 
Total Charge Passed (MC) Per Sq/m of 
Steel Reinforcement 
192 2 21.14 2.01 
193 1 58.24 1.43 
193 2 18.13 1.73 
194 1 51.22 1.25 
194 2 19.51 1.86 
195 1 50.36 1.23 
195 2 12.13 1.16 
196 1 46.15 1.13 
197 2 16.35 1.56 
198 1 27.15 0.67 
198 2 16.20 1.54 
199 1 30.41 0.74 
199 2 18.82 1.79 
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Beam 
Number Zone 
Total Charge 
Passed (MC) 
Total Charge Passed (MC) Per Sq/m of 
Steel Reinforcement 
200 1 28.08 0.69 
200 2 17.26 1.65 
201 1 31.38 0.77 
202 2 17.05 1.62 
203 1 29.86 0.73 
203 2 16.62 1.58 
204 1 30.26 0.74 
204 2 15.22 1.45 
205 1 27.84 0.68 
205 2 15.42 1.47 
206 1 28.64 0.70 
207 2 8.01 0.76 
208 1 29.42 0.72 
208 2 7.51 0.72 
209 1 27.37 0.67 
209 2 8.90 0.85 
210 1 29.01 0.71 
210 2 9.64 0.92 
211 1 31.65 0.78 
212 2 15.82 1.51 
213 1 52.37 1.28 
213 2 16.44 1.57 
214 1 50.93 1.25 
214 2 17.19 1.64 
215 1 53.29 1.31 
215 2 17.08 1.63 
216 1 50.81 1.24 
217 2 18.07 1.72 
218 1 40.23 0.99 
218 2 14.88 1.42 
219 1 53.58 1.31 
219 2 17.13 1.63 
220 1 52.25 1.28 
220 2 17.67 1.68 
221 1 79.82 1.96 
222 2 15.77 1.50 
223 1 41.38 1.01 
223 2 14.92 1.42 
224 1 52.57 1.29 
224 2 17.44 1.66 
225 1 38.73 0.95 
225 2 15.57 1.48 
226 1 41.62 1.02 
227 2 8.81 0.84 
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Beam 
Number Zone 
Total Charge 
Passed (MC) 
Total Charge Passed (MC) Per Sq/m of 
Steel Reinforcement 
228 1 36.92 0.90 
228 2 8.74 0.83 
229 1 36.03 0.88 
229 2 9.46 0.90 
230 1 47.76 1.17 
230 2 14.06 1.34 
231 1 47.29 1.16 
232 1 49.85 1.22 
232 2 20.20 1.92 
233 1 58.03 1.42 
233 2 17.57 1.67 
234 1 56.54 1.38 
234 2 17.41 1.66 
235 1 56.35 1.38 
235 2 18.94 1.80 
 
Table 2and Table 3 show that a greater amount of charge was injected into zone one than zone two. 
As zone one extends for the majority of the beam’s length the quantity of steel within zone one is 
greater than that within zone two. As such it is expected that this zone will naturally draw more 
charge. However when the amount of charge injected is normalised to take into account the steel 
surface area it is shown that a greater amount of charge per square metre of steel surface area was 
injected into zone two. That zone two would draw a greater amount of charge per square metre of 
steel surface area indicates that zone two may be a more corrosive environment (note that this is 
based on the assumption that the corrosion technicians have followed best practice and minimised 
current for each zone whilst still maintaining protection as per AS 2832.5[39]). This may be due to 
zone two’s location relative to the average tidal level (transitional between the tidal zone and the 
splash zone) which couples high moisture content as a result of the twice daily wetting with 
abundant oxygen provided when the front of the beam is exposed to the atmosphere. Zone one by 
comparison lies within a transition zone from the splash zone (aggressive environment) and the 
atmospheric zone (less aggressive environment), and furthermore as can be seen in the schematic 
shown in Figure 9 the majority of the surface area of this zone is primarily in the atmospheric 
exposure zone. This supports the finding that this zone required less current to be protected.  
In order to supplement the information provided in Table 2 and Table 3 an analysis of the current 
density applied to each of the elements during the ICCP system’s operational life was conducted and 
the results presented graphically in Appendix A. A summary of the information is presented below in 
Table 4. 
Table 4. Summary of current density applied during operational life of transverse beams 
 Zone 1 Zone 2 
Average Current Density 
(mA/m²) 
6 8 
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 Zone 1 Zone 2 
Median Current Density 
(mA/m²) 
6 9 
Minimum Current Density 
(mA/m²) 
0 0 
Maximum Current Density 
(mA/m²) 
30 12 
 
Similarly to the results noted above, Table 4 clearly shows that the current density applied to zone 
two was higher than that applied to zone one. This supports the contention that more current was 
required in zone two (the tidal and splash zone) to prevent corrosion than was required in zone one 
(splash and atmospheric zone). Examining the graphs provided in Appendix A it is noted that the 
current density supplied to the ICCP system was relatively constant across the wharf. Some zones 
were adjusted either up or down however generally these adjustments did not exceed three 
milliamps per metre squared of steel surface area. The exception to this was beam 221 zone one. 
The current density flowing to this zone was significantly higher than those around it (in excess of 
120 mA/m²) and the current density fluctuated greatly from as low as three milliamps per metre 
squared of steel surface area. This implies there may be an installation error in this zone, potentially 
a short circuit which is leading to a high amount of current discharge in this location. With the 
exception of this anomaly, the average current densities are as would be expected for a structure in 
these zones based on standard industry practice for the operation of ICCP system.  
It should be noted that there is a water ICCP system installed alongside the concrete system studied. 
This provides some protection to zone two at high tide when the lower elements of this zone are 
immersed. This reduces the current requirements of zone two from the dedicated controllers. Whilst 
this does go some ways to explaining why the current drawn for zone two is less than that for zone 
one, it is considered to be a minor effect. Additionally the current density within zone two is still 
notably higher than that of zone one even with the additional charge provided via this mechanism. It 
is not possible to quantify the amount of charge which may have passed to the beams in this 
manner. 
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4.2 Fender Blocks Detailed Analysis of Operation to Date 
The design considerations and historical assumptions made for the fender blocks were the same as 
those listed in section4.1 for the transverse beams with the addition of the following points: 
 The fender blocks run the length of the wharf. However during the rehabilitation works it 
was decided that only the thirty fender blocks in the worst condition would be remediated 
and protected by ICCP. This means there are a number of areas where a rehabilitated and 
protected fender block is directly adjacent to a non-remediated section of the wharf.  
 Whilst the fender blocks are 1500mm in height it was decided that only the lowest 500mm 
of the fender block would be protected using ICCP. This decision was made because the 
lower section is the most exposed to the sea water.  
 The steel surface area calculations shown for the fender blocks within this work account only 
for the steel within the 3500mm long and 500mm high section of the fender block designed 
to be protected by the ICCP system. However as per the points above it is known that the 
fender block elements are more extensive than this. Additionally the steel within the 
protected section of the fender block is expected to be continuous with the steel in the 
unprotected section. It is likely that the actually quantity of steel protected extends a small 
way past the borders of the designated protected zone however it is difficult to quantify this 
extension zone as it will rely heavily on the local resistance of the concrete which may be 
variable.  
 Due to the height of the fender blocks (higher than the lowermost sections of the transverse 
beam) the risk of acidification of the anodes was considered low and anode ribbon was used 
in place of the discrete anodes for the fender block sections. 
The results of the analysis showed that the steel surface area within the protected area of each of 
the fender blocks was six square metres. When combined with the output currents noted on the 
annual monitoring reports an approximation of the current injected into each fender block, as well 
as the current injected per square metre of reinforcement surface area was calculated. A summary 
of this data is presented below in Table 5 whilst the full breakdown of information for each fender 
block is presented in Table 6. 
Table 5.Historical current analysis for the fender blocks 
Mean charge passed (MC) 32.11 
Mean charge passed (MC) 
per sq/m of steel surface 
area 
5.33 
Mean charge passed (MC) 31.58 
Median charge passed 
(MC) per sq/m of steel 
surface area 
5.24 
Maximum charge passed 
(MC) 
72.13 
Maximum charge passed 
(MC) per sq/m of steel 
surface area 
11.98 
Minimum charge passed 15.88 
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(MC) 
Minimum charge passed 
(MC) per sq/m of steel 
surface area 
2.64 
Time weighted average 
voltage 
2.51 
 
Table 6.Showing the results of the historical current analysis for the fender blocks 
Fender 
Block 
Total Charge Passed 
(MC) 
Total Charge Passed 
(MC) Per Sq/m 
1 23.52 3.91 
2 27.99 4.65 
3 26.92 4.47 
4 30.23 5.02 
5 23.75 3.94 
6 26.04 4.32 
7 26.40 4.38 
8 25.97 4.31 
9 27.74 4.61 
10 12.86 2.13 
11 27.84 4.62 
12 24.67 4.10 
13 26.88 4.46 
14 20.97 3.48 
15 22.11 3.67 
16 19.59 3.25 
17 65.00 10.79 
18 31.89 5.30 
19 36.25 6.02 
20 36.76 6.10 
21 24.42 4.06 
22 25.50 4.23 
23 25.19 4.18 
24 29.06 4.83 
25 26.18 4.35 
26 31.60 5.25 
27 28.27 4.69 
28 20.03 3.33 
29 14.44 2.40 
30 20.84 3.46 
 
Table 5 and Table 6 show that in general there was a large degree of uniformity in the amount of 
charge injected into each of the fender blocks. The exception is fender block 17 into which was 
injected a much greater amount of charge (over twice the average injected into the next block). This 
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anomaly is likely linked to the strange depolarisation behaviour observed in fender block 17 which is 
discussed in section 4.4. 
It is surprising to note the much greater amounts of charge injected into the fender blocks compared 
to the transverse beams as shown in Table 2 and Table 3.The fender blocks have had on average four 
times as much charge per square metre of steel was injected into zone one of the beams and three 
times the charge injected into zone two. This large discrepancy is likely due to two factors. The first 
is the additional unaccounted steel noted earlier in this section. It is likely that the steel density may 
be greater than that recorded and as a result the charge injected per square metre of steel surface 
falsely inflated. The second reason for the potential discrepancy is the difference in design of the 
system. The beams utilised an internal discrete anode design and the fender blocks utilise an anode 
ribbon mesh design. The result of this is that the total length of anode ribbon installed into the 
fenders is greater than that installed into the beams which may result in a larger amount of charge 
being passed into the fenders. 
A summary of the applied current density for the fender blocks is shown in Table 7 below with the 
detailed plots shown in Appendix A. 
Table 7.Summary of current density applied during operational life of fender blocks 
Average Current Density 
(mA/m²) 
31 
Median Current Density 
(mA/m²) 
29 
Minimum Current Density 
(mA/m²) 
10 
Maximum Current Density 
(mA/m²) 
48 
 
As was identified in Table 6 the fender blocks appeared to have a higher applied current density than 
the transverse beams. This may be due to the density of steel protected being underestimated in 
this study, however it may also be due to the location of the fenders. Their height above the water is 
more consistent with the height of the zone one elements however they are at the very front of the 
wharf and as such are exposed to significantly more splash. This is likely to increase the level of 
chlorides and the corrosivity of the environment around the reinforcing steel, necessitating a higher 
current density to achieve protection. Similarly to the transverse beams, the plots in Appendix A 
show that whilst current adjustments were common they were generally small in scale with the 
exception being fender block 17 where the initial applied current density was significant (377 
mA/m²). This was reduced after the first monitoring period to twenty five milliamps per square 
metre of steel surface area and though it was turned up after this time, it never reached such a high 
value subsequently. It is possible that there is an underlying issue at this location. 
It should be noted that there is a water ICCP system installed alongside the concrete system studied. 
This provides some protection at high tide when the lower elements are immersed and reduces the 
current requirements from the dedicated controllers. It is not possible to quantify the amount of 
charge which may have passed to the fender blocks in this manner.  
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4.3 Transverse Beams Study Results 
In order to collect sufficient data the potential of the steel against the reference electrodes was 
recorded at four hourly intervals. The interruption and logging of the system commenced on the 
tenth of November 2014 and continued until the twenty fourth of February 2015, allowing the trial 
to run for a total of 106 days. The results of this 106 day depolarisation are shown in Table 8. A plot 
of each reference’s depolarisation over the 106 days is shown in Appendix B. Due to equipment 
error the potential monitoring data was lost between days zero and four and as such it is not 
possible to assess the system in line with criteria a) and b) of AS 2832.5[39]. However the 
depolarisation achieved by day five is sufficient to indicate protection for the majority of beams. 
In general the instant off data was found to be consistent with expectations; a sharp positive spike 
corresponding with the time the system was switched off which then slowly continues to become 
more positive with time. There were however a number of reference locations which did not follow 
this pattern. The references in question are; beam 194 zone two, beam 199 zone two, beam 200 
zone two, beam 210 zone two, beam 214 zone two, beam 215 zone two, beam 118 zone two, beam 
119 zone two, beam 220 zone two, beam 224 zone one, beam 224 zone two, beam 228 zone two, 
beam 229 zone two, beam 233 zone two, beam 235 zone two. 
The plots of the potential versus time for these references as well as the remaining references are 
shown Appendix C. 
These plots appear to show a significant amount of noise, however when the scale on the plot is 
examined closely it can be seen that there was little variation. Rather than representing a significant 
issue with the stability of the reference electrode, this noise is likely to simply represent a lack of 
defined instant off. This is likely due to the period of time selected for the instant off being 
insufficient to capture the value for all references.  
An exception was reference for beam 229 zone two. In this instance there is in fact a significant 
positive excursion of magnitude 1000mV. Aside from this excursion the potential of this reference is 
remarkably flat indicating that there was no clear instant off.  
The potential data for the thirty six reference electrodes within zone two across the forty four 
beams show a cyclical variation of between 100mV and 200mV. The variation follows a regular 
pattern of peaks and troughs with a wavelength of approximately twelve hours which coincides with 
the high and low tides. This indicates that the change in potential is driven by the tides. When the 
beam is submerged at high tide the moisture content increases, effectively water logging the 
concrete pores. This restricts oxygen supply to and depressing the potential of the steel. Across the 
thirty six reference electrodes within zone one twenty also show a regular pattern of potential 
variation although the magnitude of the change is much smaller; typically between five thousands of 
a volt and 50mV as opposed to the 100mv to 200mv seen in zone two. This is consistent with zone 
one’s location higher on the beam and as such any submersion within zone one is likely to be for a 
shorter period to that of zone two resulting in a tidal effect of less magnitude. The fifteen beams 
which did not show a tidal noise pattern within zone one were 194, 198, 199, 203, 204, 208, 209, 
213, 214, 215, 219, 223, 224, 229 and 234. There are two striking items which can be noticed about 
these beams. The first is that there appears to be a semi – regular pattern in the beam numbers and 
the second is that the final recorded potential for these beams were generally the most positive of 
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all potentials within the study (the fifteen beams’ final potentials were all within the top twenty one 
most positive for this study). Given these two items the author considers it likely that the reference 
electrodes within zone one of these beams were installed at higher locations within zone one than 
the beams which showed a tidal variation within zone one. When installing reference electrodes it is 
common to ensure they are installed at a range of RLs within a beam. Typically the RLs vary in a 
regular manner. It is likely that the higher up the beam the reference is installed the less likely that 
the concrete pores will be saturated leading to less concentration polarisation and a higher 
potential. Also it is likely that the higher up the beam the reference is installed the further away 
from the water it will be and so the less likely to see a pattern of tidal variation. For these reasons it 
is likely that these references were installed at a higher RL however this cannot be confirmed using 
the information available.  
In order to account for the noise generated by the action of the tides a moving point average trend 
line of period twelve was applied.  
Close observation of the tidally affected zones reveals a number of characteristic events which were 
common to all of the reference electrodes installed within zone two of the beams and the majority 
of tidally affected zone ones (beams 196, 200, 201, 205, 206, 210, 211, 216, 220, 221, 226, 231 and 
232). These events were: 
 28-11-14. A negative shift in the potential of the steel by approximately 25%. This shift was 
permanent. 
 12-12-14. A short lived positive spike in the potential of approximately 10%. 
 20-12-15. A short lived negative spike in the potential of approximately 5%. 
 3-1-15. A short lived positive spike in the potential of approximately 5%. 
 7-2-15. A short lived positive spike in the potential of approximately 5%. 
 13-2-15. A short lived positive spike in the potential of approximately 10%.  
 17-1-15. A short lived negative spike in the potential of approximately 5%. 
 8-2-15. A short lived positive spike in the potential of approximately 5%. 
 13-2-15. A short lived positive spike in the potential of approximately 5%. 
 17-2-15. A short lived negative spike in the potential of approximately 5%. 
Each of these events combines within the graphs of Appendix B to form an almost characteristic 
profile, a typical plot of this is given in beam 205 shown below in Figure 11. 
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Figure 11.Characteristic depolarisation curve noted in many beam elements 
Given that all elements affected by the events are thought to be within or close to the tidal zone it is 
likely that the profile generated by these events is due to electrical events in the surrounding waters, 
potentially linked to the operation of the water ICCP system. There appears to be a pattern between 
the beam number and the status of the zone one reference exhibiting these characteristic events. 
This indicates that the zone one reference electrodes may have been installed at three distinct 
heights. These are: 
 A relatively low RL within the tidal zone, low enough to be affected by the same 
characteristic events as the zone two references and therefore have the same characteristic 
potential versus time plot. 
 A higher RL within the tidal zone which is low enough to be tidally effected, however too 
high to exhibit the characteristic potential profile of the zone two references. 
 A third height above the tidal level. 
There is also a common feature within the third zone noted above, which is considered to be above 
the tidal level. Across the majority of the zone one plots in this subset of beams there is a significant 
negative excursion (approximately 150% decrease in potential) which occurred on the thirtieth of 
December 2014. This excursion is seen within zone ones across the length of the wharf (specifically 
beams 193, 194, 195, 198, 199, 203, 204, 208, 209, 213, 214, 215, 218, 219, 223, 224, 225, 228, 229, 
230, 233, 234 and 235). It is unlikely to be due to an electrical event in the surroundings waters as 
the zones which are affected are thought to be above the water level and the negative excursion is 
not seen within the zone two which is known to be immersed. In addition to this excursion, beams 
233, 234 and 235 also show second negative excursion of equal magnitude on the twenty fifth of 
January 2015. The cause for this excursion is not directly apparent. Given the short term nature of 
these events, coupled with the return of the beam potentials to their previous potentials it is not 
thought that these excursions had a long term effect on the steel. 
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With the exception of the events noted above the potential plots within Appendix B appear to show 
that the potentials of the steel has stabilised by the end of the study. This indicates that the steel 
within the beams has reached its stable mixed potential or ECorr. 
The results from the study have been summarised in Table 8. 
Table 8.Results Wharf A - beams 
Beam 
Number Zone 
Instant 
Off 
Potential 
(mV) 
Passes 
Absolute 
Potential 
Criteria 
Passes 72 
hr Depol 
Criteria 
Absolute 
Passive 
or Near 
Passive 
Final 
Potential 
(mV) 
Days Until 
Beam Became 
Active 
192 2 -972.6 Yes Yes No -992 0 
193 1 -380.3 No Yes Passive -320 106 
193 2 -1021.1 Yes Yes No -1034 0 
194 1 -441.6 No Yes Passive -177 89 
194 2 -954.7 Yes Yes No -1021 0 
195 1 -430.4 No Yes 
Near 
Passive -227 0 
195 2 -968.9 Yes Yes No -1018 0 
196 1 -602.4 No Yes No -512 0 
197 2 -955.8 Yes Yes No -934 0 
198 1 -437.6 No Yes No -244 0 
198 2 -941.6 Yes Yes No -977 0 
199 1 -411.9 No Yes No -260 0 
199 2 -942.3 Yes Yes No -979 0 
200 1 -607.6 No Yes No -540 0 
200 2 -990.6 Yes Yes No -1042 0 
201 1 -726.2 Yes Yes No -698 0 
202 2 -951.8 Yes Yes No -1082 0 
203 1 -370.8 No Yes 
Near 
Passive -171 0 
203 2 -956 Yes Yes No -1013 0 
204 1 -403.1 No Yes Passive -168 39 
204 2 -971.7 Yes Yes No -1029 0 
205 1 -741.5 Yes Yes No -858 0 
205 2 -980.1 Yes No No -1071 0 
206 1 -734.4 Yes Yes No -735 0 
207 2 -778.7 Yes No No -1090 0 
208 1 -347.2 No Yes 
Near 
Passive -171 0 
208 2 -787.8 Yes No No -1145 0 
209 1 -387.8 No Yes 
Near 
Passive -202 0 
209 2 -769.6 Yes Yes No -956 0 
210 1 -473.4 No Yes No -332 0 
210 2 -899.4 Yes No No -1070 0 
211 1 -766.3 Yes No No -999 0 
212 2 -984 Yes Yes No -1012 0 
213 1 -404.9 No Yes No -277 0 
213 2 -996.2 Yes Yes No -1050 0 
214 1 -431.5 No Yes 
Near 
Passive -170 0 
214 2 -932.9 Yes Yes No -965 0 
215 1 -369.7 No Yes Passive -130 106 
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Beam 
Number Zone 
Instant 
Off 
Potential 
(mV) 
Passes 
Absolute 
Potential 
Criteria 
Passes 72 
hr Depol 
Criteria 
Absolute 
Passive 
or Near 
Passive 
Final 
Potential 
(mV) 
Days Until 
Beam Became 
Active 
215 2 -899 Yes Yes No -1014 0 
216 1 -566.6 No Yes No -475 0 
217 2 -752.7 Yes Yes No -754 0 
218 1 -394.2 No Yes 
Near 
Passive -196 0 
218 2 -1025 Yes Yes No -1031 0 
219 1 -383.7 No Yes Passive -149 106 
219 2 -1015.9 Yes Yes No -1051 0 
220 1 -662.6 No Yes No -662 0 
220 2 -971.2 Yes Yes No -1128 0 
221 1 -866 Yes Yes No -930 0 
222 2 -981.9 Yes No No -1130 0 
223 1 -351.8 No No No -309 0 
223 2 -966.5 Yes No No -1152 0 
224 1 -285.4 No No No -270 0 
224 2 -946.5 Yes Yes No -1005 0 
225 1 -353.7 No No No -335 0 
225 2 -966.2 Yes Yes No -1012 0 
226 1 -564.7 No Yes No -562 0 
227 2 -894.1 Yes Yes No -968 0 
228 1 -368.1 No Yes 
Near 
Passive -181 0 
228 2 -953 Yes Yes No -1073 0 
229 1 -486.9 No Yes No -225 0 
229 2 -993.3 Yes Yes No -1056 0 
230 1 -415 No Yes 
Near 
Passive -184 0 
230 2 -994 Yes Yes No -1095 0 
231 1 -851.6 Yes Yes No -954 0 
232 1 -613.8 No Yes No -469 0 
232 2 -887.6 Yes Yes No -1088 0 
233 1 -360.6 No Yes Passive -144 106 
233 2 -998.3 Yes Yes No -1033 0 
234 1 -493.7 No Yes 
Near 
Passive -182 0 
234 2 -931.3 Yes Yes No -1051 0 
235 1 -305.4 No Yes Passive -136 106 
235 2 -923 Yes Yes No -1127 0 
 
Please note that there appears to be a contradiction in Table 8 where beam 193 Zone one is shown 
as remaining passive for the entire 106 days of the trials however the final potential is shown as -320 
mV, below the passivity threshold. A close examination of the data and graph of potential versus 
time for this beam reveals that there was a negative excursion in the final hours of the trial where 
the potential of this beam spiked from -129mV to -531mV before decaying to -320mV. This excision 
is believed to be due to a localised event and does not exclude beam 193 from the being considered 
passive as the potential is still “consistently more positive” than the threshold amount. The potential 
prior to this spike was at -129mV which would make this one of the most positive beams within the 
study.   
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4.4 Fender Block’s Study Results 
As was the case for the transverse beams the potential of the fender blocks relative to the installed 
reference electrodes was taken at four hourly intervals using the Aligent 34970A data logger system. 
The interruption and logging of the system commenced on the tenth of November 2014 and 
continued until the twenty third of January 2015 allowing the trial to run for a total of seventy four 
days. The results of this seventy four day depolarisation are shown in Table 9 below whilst a plot of 
each reference’s depolarisation over the seventy four days is shown in Appendix B. 
The instant off data taken from this study is generally found to be consistent with expectations with 
the exception of fender block 13, the plot of which is shown below.  
 
Figure 12.Potential versus time plot for fender block 13 
As can be seen from the figure above the potential shift at the assumed moment of the instant off is 
opposite to what was expected. For the remainder of the study the potential versus time plot for 
this reference showed almost no change in potential at all. This indicates that there is an issue with 
the ICCP connections to this element. For this reason this fender will not be considered for the 
remainder of this study. 
Table 9.Resultswharf A – fender blocks 
Fender 
Block 
Instant 
Off 
Potential 
(mV 
Passes 
Absolute 
Potential 
Criteria 
Passes 
24 hr 
Depol 
Criteria 
Passes 72 
hr Depol 
Criteria 
Absolute 
Passive 
or Near 
Passive 
Final 
Potential 
(mV) 
Days Until 
Beam 
Became 
Active 
1 -853.7 Yes Yes Yes No -440 0 
2 -478.8 No No Yes 
Near 
Passive -188 0 
3 -523.1 No No No Passive -131 74 
4 -469.5 No Yes Yes Passive -98 74 
5 -162.7 No No No Passive -93 74 
6 -659.4 No No No No -412 0 
7 -879.1 Yes Yes Yes No -417 0 
8 -913.7 Yes No No No -466 0 
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Fender 
Block 
Instant 
Off 
Potential 
(mV 
Passes 
Absolute 
Potential 
Criteria 
Passes 
24 hr 
Depol 
Criteria 
Passes 72 
hr Depol 
Criteria 
Absolute 
Passive 
or Near 
Passive 
Final 
Potential 
(mV) 
Days Until 
Beam 
Became 
Active 
9 -813.9 Yes Yes Yes No -403 0 
10 -619.3 No Yes Yes No -350 0 
11 -662.5 No No Yes No -382 0 
12 -1123 Yes Yes Yes No -572 0 
13 -447 No No No No -444 0 
14 -967.8 Yes No Yes No -628 0 
15 -717.2 No No Yes No -388 0 
16 -590.2 No Yes Yes No -269 0 
17 -459.9 No Yes Yes 
Near 
Passive -197 0 
18 2.8 No No Yes Passive -14 74 
19 -45.7 No No Yes Passive -29 74 
20 -679.2 No Yes Yes No -327 0 
21 -772.8 Yes No Yes No -417 0 
22 -705.9 No No Yes No -357 0 
23 -992.3 Yes No No No -573 0 
24 -861.2 Yes Yes Yes No -457 0 
25 -605.5 No No Yes No -312 0 
26 -612.3 No No Yes No -370 0 
27 -814 Yes Yes Yes No -414 0 
28 -811.4 Yes No No No -448 0 
29 -172.1 No No No Passive -113 74 
30 -858.3 Yes Yes Yes No -451 0 
 
A close examination of the potential versus time plots for the fender blocks reveals a number of 
interesting features. These features are: 
 The majority of fender blocks steadily depolarised throughout the study period. The 
exceptions to this were fenders 3, 17, 18, 19, 24 and 29. 
 Fender block 3 shows a unique depolarisation curve throughout the study. During the early 
days of the study there is a noticeable amount of positive and negative excursions in the 
block’s potential, in the order of fifty thousandths of a volt to seventy five thousandths of a 
volt. The excursions appear to follow a pattern resembling tidal variation. On the thirty third 
day of the study there is a significant change in the behaviour of the fender block. At this 
time the variation in the potential markedly decreases (to a variation level of approximately 
three thousandths of a volt). The potential continues to steadily depolarise until it passes the 
threshold to be considered passive on the fifty ninth day of the study indicating a reduced 
amount of corrosion at this location. 
 Fenders 17, 18 and 19exhibit similar behaviour to one another. All three fender blocks are 
noble. However blocks 18 and 19 are significantly more noble than block 17. The potential 
varies noticeably with multiple positive and negative excursions across all three blocks 
ranging from twenty thousandths of a volt to 100mV in magnitude. An important feature is 
that the large variations were common to all three blocks taking place in all three fender 
blocks at roughly the same time. This suggests that whatever was driving this behaviour was 
common to all three fender blocks. Additionally it is important to note that all three fender 
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blocks are supplied by the same controller. This controller also supplied fender block 16 
which did not exhibit this behaviour. The significant noise in these elements as well as their 
uncommonly high potentials limits the amount of meaningful information which can be 
gleaned from these plots and indicates that there is probably an error within the electrical 
hardware (junction box, cabling or TRU) and limits their utility for this study. 
 Fender block 24 shows a number of potential variations, both positive and negative 
excursions in the order of ten thousandths of a volt to seventy thousandths of a volt. These 
excursions do not follow a tidal variation pattern and appear to be due to electrical activity 
or reference instability. The exceptions to this are two negative excursion events on which 
occurred on the thirtieth of November and the thirteenth of December. These events are 
both sudden depolarisation events in the order of seventy thousandths of a volt. After each 
event there is a gradual repolarisation of the steel. These two patterns may be activation 
events where the passive film was disrupted leading to the sudden activation of the steel 
followed by a gradual re-passivation.  
 The potential versus time plot of fender block 29 shows a significant amount of noise within 
the signal and does not represent the classic depolarisation. In particular this is a significant 
positive excursion on the fifty third day of the study. A close examination of the data and 
plot suggests that the reference within this fender block was returning an erroneous 
reading, or that the fender block was not polarised at the time the study commenced. This is 
indicative of a hardware error in this block. Therefor fender block 29 will not be considered 
in this study. 
 Few of the fender blocks showed the same patterns of cyclical variation in potential 
associated with tides. In the blocks which did show tidal variations (blocks 3, 5, 17, 18, 19 
and 29) the variation in potential with the tides varied from quite minor (in the order of five 
thousandths of a volt) for blocks 5 and 29 to approximately fifty thousandths of a 
volt(remaining blocks). 
 Two interesting features which occurred across the majority of the fender blocks (fender 
blocks 1, 2, 4, 5, 7, 8, 9, 10, 11, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 27, 28, 29 and 30) are 
two negative excursions which occurred on the twenty ninth and thirtieth of November 
2014. The magnitude of the excursions varied between three thousandths of a volt and 
twenty thousandths of a volt depending on the fender block however the time stamp was 
uniform across all of the fenders. The global nature of this event indicates that it is likely to 
have been associated with a weather event at the site.  
 Fender 4 shows a mostly typical depolarisation curve with the exception of a large negative 
excursion on the fiftieth day of the study. This excursion is not reflected in the surrounding 
fender blocks and therefore represents a localised electrical event at this particular fender. 
This fender block reached the -150mV threshold on the twenty first day of the study and, 
with the exception of the negative excursion noted above, remained passive for the 
remainder of the study period. 
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5. Wharf B Results 
5.1 Wharf B Detailed Analysis of Operation to Date 
The original construction drawings were examined to determine the surface area of the steel 
reinforcement within the beams. In addition to calculating the surface area of the steel, the ratio of 
the steel surface area to the concrete surface area for each element was also calculated, the results 
of which are shown in below.  
The following assumptions were made during this process: 
 Steel reinforcement location and diameters are as per the original design drawings. 
 Any additional steel elements added to the structure (hold down bolts, brackets, tie rods 
etc) are isolated from the ICCP system (encased in epoxy) and need not be considered in 
these calculations.  
 It is known that the rehabilitation works which took place prior to the installation of the ICCP 
system, involved the supplementation of corroded steel reinforcement however there is no 
clear record of the extent to which this supplementation occurred. As such it has been 
assumed that the amount of steel added to the structure through this process is negligible 
when compared to the original amount of steel. This additional steel has not been 
considered in this study. 
The results of this analysis established that the steel surface area is thirty six square metres for the 
beams, eighty one square metres for the seven deck panels at the front of the wharf, twenty square 
metres within the front beams, seventy four square metres within the front beams, twelve square 
metres within the one back deck panel and thirty two square metres within the rear wall (consisting 
of the rear beam and the retaining wall).  
Table 10. Ratio of the steel surface area (m²) to concrete surface area (m²) 
Element Steel 
surface 
area (m²) 
Concrete surface 
area (m²) 
Approximate ratio of steel surface 
area(m²) to concrete surface area 
(m²) 
Deck 81 90 1:1 
Beam 36 41 1:1 
Front 
Beam 
20 17 1:1 
Back Wall 32 12 3:1 
Back Deck 12 13 1:1 
Fender 74 35 2:1 
 
Table 10 shows that the ratio of steel surface area to concrete surface area within the back wall and 
the front beam are greater than those of the other elements. This is consistent with the function of 
these elements as both the back wall and the front beam incorporate the large beams beneath the 
crane rails. These areas are subjected to a significantly larger load than the others and so have a 
higher density of steel. 
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Unfortunately at the time of thesis submission there was no reliable information on the applied 
currents or installation dates of the ICCP system. The only available data was that contained in 
Figure 13. 
 
 
Figure 13.Output dials of transformer rectifier at wharf B 
The voltage and current displayed in Figure 13 are approximately fourteen volts and fourteen amps. 
If it is assumed that this amount of current is shared equally across all elements along wharf B this 
would mean that the average density current varies within each of the elements is as shown in Table 
11. 
Table 11. Calculated current densities based on total current of 14A 
Element Name Calculated Current 
density (mA/m2) 
Deck 0.41 
Beam 0.93 
Front beam 1.69 
Back wall 1.03 
Back deck 2.88 
Fender  0.45 
 
These calculated values are well below what is expected for a concrete structure of this nature 
indicating that the total current output of the TRU is actually greater than the fourteen Amps, 
indicating that the information shown in Figure 13 is not the total current. Furthermore the 
assumption that the current is equally distributed to each element across the wharf is likely to be 
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erroneous as elements in different exposure zones will have different current requirements, as 
would elements with different steel densities. Analysis based on the assumption that the current 
was distributed to each element and each zone equally would simply be an extension of the 
calculated steel densities as this would be the only variable that changes. This would not reveal any 
patterns or trends which are not available from an analysis of the steel densities. Additionally it is 
considered unlikely that the ICCP system is operating on fourteen volts as this would increase the 
risk of pitting corrosion of any titanium conductor elements. Whilst this limits the utility of the 
results from wharf B the varied exposure environment still provides valuable information on the 
residual protection process.  
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5.2 Wharf B Study Results 
Potential readings were conducted at four hourly intervals using a Data Taker dT85 data logger. This 
sampling period allowed for the required granularity in the data whilst still falling within the data 
logger’s capacity. Monitoring of the system commenced on the seventeenth of August 2015 and was 
finalised 122 days later on the seventh of December 2015.A summary of the potential values and 
residual protection states for each of the forty two references is shown below in Table 12. 
Table 12.Results Wharf B 
Reference 
Instant Off 
Potential 
(mV) 
Native 
Potential 
(mV) 
Passes 
Absolute 
Potential 
Criteria 
Passes 
24 hr 
Depol 
Criteria 
Passes 
72 hr 
Depol 
Criteria 
Absolute 
Passive or 
Near 
Passive 
Final 
Poten
tial 
(mV) 
Days 
Until 
Beam 
Became 
Active 
B2 -209  yes yes no Passive 10 112 
B5 -199  yes yes no Passive 32 112 
D3 -287  yes yes no Passive -122 112 
BW6 6  no no no Passive 43 112 
D7 6  no no no Passive 31 112 
FB5 6  no no no Passive -59 112 
B11 -201  yes yes no Passive 34 112 
B9 -187  no no no Passive -26 112 
D9 -192  yes yes no Passive -25 112 
B12 -133  yes yes no Passive -18 112 
B13 10  yes yes no Passive 178 112 
D11 -198  yes yes no Passive -32 112 
B16 -186 0 yes yes no Passive 34 112 
D14 -353 -217 yes yes no Near 
Passive 
-181 112 
D15 -282 -143 yes yes no Passive -153 112 
B20 -105 169 yes yes no Passive 203 112 
D16 -339 -41 yes yes no Passive -49 112 
FB18 -212 -23 yes yes no Passive -27 112 
B22 -432 -69 yes yes no Passive -102 112 
D20 -294 -127 yes yes no Passive -159 112 
D21 -330 -132 yes yes no Passive -132 112 
B23 -211 28 yes yes no Passive 14 112 
D24 -1127 -147 yes yes yes Near 
Passive 
-186 112 
FB25 -152 -116 no no no Passive -117 112 
B28 -2558 -18 yes yes yes Passive -145 112 
D26 -1505 -232 yes yes yes Near 
Passive 
-227 112 
F10 -295 -135 yes yes no Passive -129 112 
D29 -291 -205 no no no Near 
Passive 
-279 112 
D30 -399 -167 yes yes no Near 
Passive 
-197 112 
FB31 -306 -96 yes yes no Passive -118 112 
B33 350 -105 no yes no Passive -104 112 
D33 -380 -282 no no no No -295 0 
D34 -351 -208 no yes no Near 
Passive 
-228 112 
B36 -416 -170 yes yes no Near -180 112 
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Reference 
Instant Off 
Potential 
(mV) 
Native 
Potential 
(mV) 
Passes 
Absolute 
Potential 
Criteria 
Passes 
24 hr 
Depol 
Criteria 
Passes 
72 hr 
Depol 
Criteria 
Absolute 
Passive or 
Near 
Passive 
Final 
Poten
tial 
(mV) 
Days 
Until 
Beam 
Became 
Active 
Passive 
BD35 -366 -209 no yes no Near 
Passive 
-206 112 
F13 -262 -135 yes yes no Passive -120 112 
B39 -541 -129 yes yes no No -208 0 
B41 -285 -172 no yes no Near 
Passive 
-211 49 
D39 -471 -161 yes yes no Passive -144 112 
D41 -362 -155 no yes no Near 
Passive 
-310 49 
D42 -493 -297 yes yes no No -274 0 
D43 -441 -163 yes yes no No -225 0 
 
From Table 12 references B33, D7, BW6, B13 and FB5 stand out. The instant off values and the final 
potentials of these references are all notably positive. A closer look at the instant off data for these 
elements showed that elements B33, BW6 and FB5 did not behave in the manner expected whilst 
element B13 displays the typical instant off and decay behaviour. This validates that the instant off 
recorded for B13 is likely to be a true instant off, despite it being positive. The plots for elements 
B33, D7, BW6, B13 did not show typical behaviour. These plots are shown in Appendix C and are 
discussed below.  
The reference at location B33 recorded a significant amount of noise throughout the instant off test 
period. This noise is not isolated to the instant off test but is continuous throughout the study. This 
indicates that either the signal coming from the reference is unstable (potentially due to the 
reference itself being unstable or a cabling issue) or that there is some current flowing in the beam. 
Regardless of the cause the presence of this noise limits the utility of this reference. 
D7, BW6 and FB5 all show little or no change during the instant off period, as well as showing a 
positive plot. The plots for the remainder of the study for these elements show potential decays 
which are more in keeping with expectations. Furthermore the plots for the main study show an 
initial potential value (the first value recorded in the four hour data recording regime) of negative 
thirty two thousandths of a volt, (D7) negative fifty seven thousandths of a volt (BW6) and -114mV 
(FB5), all of which are more negative that the recorded instant off values. Given this it is likely that 
there were some issues in the collection of the instant off data from these references (all references 
are routed to the same controller unit, as such a single issue could affect all three references). From 
this point on in the study the recorded instant off values will be dismissed and the initially recorded 
value from the main study will be used in place as required.  
A number of the references show significant noise throughout the study. In particular references 
D24, D26, B28, B33, D33, B39 and B41 all show positive and negative excursions of between 
+2000mV and -2000mV. As was discussed above for element B33, these excursions may be due 
damaged reference electrodes or to local electrical events occurring between bents 24 and 40. The 
excursions reduce in frequency and severity during the study. This may be due to unstable 
references, damaged cabling or electrical activity within the elements in question. The potential 
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versus time plots of both the instant off period and the main study for these references are shown in 
Appendix C.  
D29 is unique among the elements studied due to its lack of depolarisation. The plots of the 
potential versus time for this reference (both during the instant off and the main study) are shown in 
Figure 14 and Figure 15. As can be seen the potential of this reference rarely moves and in fact is 
essentially equal to the native potential indicating that the steel is fully depolarised. This is a strong 
indicator that either the reference is not accurately reporting, or that this element is not receiving 
cathodic protection. Either way this severely limits the utility of this reference in this study.  
 
Figure 14.Potential versus time plot of D29 
 
Figure 15.Potential versus time plot of D29 
Also of interest is the relatively positive values recorded for a number of references. In particular 
references FB31, F10, D3, D21, F13, FB25, B22, B33, D16, B9, D11, FB18, D9, B12, B2, B28, B23, B5, 
B16, B11, B13 and B20. Of these twenty two references thirteen have a relatively noble native 
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potential (all more positive than -140mV). The remaining nine reference electrodes have no listed 
native potential as these are from the cohort for which the native data is not yet available. The 
reference electrodes showing these relatively positive values are distributed along the wharf from 
bent 31 to bent 3 however in general they are located toward the northern end of the wharf (the 
later end to be remediated). Occasionally the bents noted above are located within the same bent as 
a more negative reference (for instance D16 which is quite positive is located in the same bent as 
B16 which is not), and as such it is unlikely that the cause is purely environmental. It is thought that 
there are two causes for these relatively positive potentials. The first is that the reference electrodes 
are predominantly located toward the northern end of the wharf, which is generally in a better 
condition than the southern end and for that reason is more likely to have passive steel than an 
equivalent location in the southern end. The second reason is likely to be due to the placement of 
the reference electrodes. The reference electrodes were distributed equally between the sections of 
the structure where concrete breakout was required (due to spalling and delamination) as well as 
those areas where it was not. It is possible that the references which recorded highly positive results 
at the southern end of the wharf are from the references installed within the areas where concrete 
breakout was not required. This indicates that the steel in these areas was may not have been 
corroding at the time of repair which is supported by the positive native values in these areas. 
Many of the graphs show a regularly repeating pattern of positive and negative excursions of 
uniform magnitude. This pattern oscillates between a positive and negative excursion on a repeating 
cycle of approximately twelve hours, with the magnitude of the excursions varying from ten 
thousandths of a volt to 100mV depending on the reference being examined. This pattern is 
consistent with the potential variations associated with the action of the tides. This variation is seen 
in twenty references; D33, D42, D26, D34, D43, BD35, D14, D30, B36, D24, D20, D15, D39, FB31, F10, 
D3, B33, D16, D11 and D9. An example of this variation is shown Figure 16, which shows a section of 
the potential versus time plot of reference D9. It is likely that the differences in the magnitude are 
due to variations in the elevation of the reference electrodes, with the lower references showing the 
greater magnitude variations due to the tidal action, similar to that observed in wharf A. 
 
Figure 16.Typical section of the potential versus time graph for reference D9  
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6. Wharf A Discussion 
6.1 Transverse Beams Discussion 
6.1.1 Protection as per AS 2832.5 
Of the seventy two reference electrodes installed within the forty four beams a total of sixty nine 
showed results indicating that the beams were protected as per the criteria detailed in AS 
2832.5[39]. The three references which did not show results consistent with protection were beams 
223 zone one, 224 zone one and 225 zone one. A known defect in the ICCP system prevented 
current flow to these beams prior to the initiation of the study. These elements are excluded from 
this study as the ICCP system has effectively been decommissioned to these beams for an unknown 
period.  
6.2.1 Absolute passive 
Whilst the majority of the beams were shown to be protected, only seven displayed evidence 
residual protection based on the absolute potential criteria. A summary of the number of days each 
of these seven beams were passive, together with the total charge passed and the total charge 
passed per square metre of steel surface area is shown below in Table 13.  
Table 13.Historical charge data for beams which displayed residual protection 
Beam 
number Zone 
Days 
passive 
Total charge 
passed (MC) 
Total charge 
passed (MC) per 
sq/m of steel 
193 1 106 58.24 1.44 
194 1 89 51.22 1.25 
204 1 39 30.27 0.74 
215 1 106 53.29 1.31 
219 1 106 53.58 1.31 
233 1 106 58.03 1.42 
235 1 106 56.36 1.38 
 
The beams which exhibited passivity were spread uniformly across the wharf indicating that there 
were no significant localised environmental factors which promoted or hindered passivity. However 
all seven of the locations were located within zone one of the beams with zone two of the same 
beam not displaying passivity. Zone one is at a higher RL (located within the splash/atmospheric 
zone) of the structure and is less likely to be affected by concentration polarisation which would 
lower the potential of the steel away from –150mV. Additionally that less current was required to 
protect this zone when compared to zone two as shown in Table 2 suggests that zone one is a less 
corrosive environment, and thus more likely to favour the formation and maintenance of a passive 
film.  
Of the seven passive beams five remained passive until the end of the trial period (106 days) whilst 
two dropped below the threshold value after thirty nine and eighty nine days (beams 204 and 194) 
respectively. It should be noted that the potential of beams 204 and 194 did not continue to 
decrease once they passed the –150mV threshold but remained close to the threshold value (-
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173mV and -177mV respectively) allowing these beams to be considered “near passive”. This 
indicates that they may not have begun to actively corrode despite becoming more negative than 
the threshold value. When the historical charge injected into the beams is considered it is noted that 
the two beams which crossed the -150mV threshold within the trial period had less charge per 
square metre of steel surface injected than those which did not. The beam which crossed the -
150mV threshold the fastest was beam 204, which had the least amount of charge injected whilst 
the remaining beam which crossed the -150mV threshold was beam 194 which had the second 
lowest amount of charge injected per metre square of steel surface area. It follows that the more 
charge injected per square metre of steel surface area, will lead to a greater concentration of 
hydroxyl ions being produced per square metre of steel surface area. This will in turn result in the 
local chemistry at the steel favouring passivity over activity. For this reason the finding that the 
beams which had less charge injected crossed the passive threshold before those that had more 
supports the assumption that residual protection is in part due to the accumulated localised changes 
to the concrete environment as a result of the secondary effects of ICCP. This in turn appears to 
show that presence of residual protection in a given environment is dependent on the amount of 
charge passed. This finding aligns with that found in previous laboratory studies [61, 62]. 
Looking further into the results shown in Table 8 it is also apparent that the passivity of the beams 
varies with the value of the beams native and instant off potentials. The beams which have a more 
positive native potential are also those which showed absolute passivity. This may indicate that 
these areas were corroding less prior to the application of ICCP, and are therefore, making them 
more likely to support a passive environment. Without exception the native and instant off values 
achieved by zone two of any given beam were more negative than that of zone one of the same 
beam. The relationship between the zones one and two beam potentials is due to a fundamental 
difference in exposure between the zones with zone one being higher in the beams (more positive) 
and zone two being lower in the beam (more negative due to concentration polarisation). This leads 
to more negative native, instant off and final potentials in zone two than zone one. Whilst this 
means that none of the zone two reference electrodes were able to report results consistent with 
absolute or even near passivity, this does not necessarily mean that these beams were corroding. It 
is possible that the low potential of these beams, due to concentration polarisation, masks the true 
active / passive status of these beams and renders the potential monitoring technique of corrosion 
monitoring redundant in this zone.  
6.1.2 Near passive 
In addition to the beams which satisfied the -150mV requirement there were also a number of 
beams which, whist not achieving the sustained positive potentials required to be considered 
absolutely passive showed many of the characteristics expected of passive steel. Principally this was 
a smooth depolarisation curve which consistently trended positive during the study, and a final 
potential which was relatively positive (no more negative than -250mV). These beams can be 
considered to be “near passive” as they exhibited stable positive potentials indicating that despite 
the potentials being below -150mV, a stable passive film may have been formed. Details of the 
beams considered as being near passive, along with their near passive potential and the charge 
passed to the steel is shown in Table 14.  
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Table 14.Near passive beams 
Beam Number Zone Near Passive 
Total Charge Passed 
(MC) Per Sq/m 
195 1 Yes 1.23 
203 1 Yes 0.73 
208 1 Yes 0.72 
209 1 Yes 0.67 
214 1 Yes 1.25 
218 1 Yes 0.99 
228 1 Yes 0.90 
230 1 Yes 1.17 
234 1 Yes 1.38 
 
Similarly to the beams considered to be passive, the “near passive” beams were solely located within 
zone one and spread uniformly across the wharf. The amount of charge passed into the beams 
varies across the nine beams and is generally lower than that injected into the beams which 
displayed passivity.  
It has been noted from the potential versus time graphs that there were three distinct distinctive 
groupings which emerged from the reference electrodes within zone one. These were beams which 
exhibited no tidal patterns, beams which exhibited tidal patterns but did not display the 
characteristic pattern seen in the zone two plots, and the beams which displayed both tidal 
influence and the characteristic pattern. For simplicity these shall be termed groups A, B and C 
respectively. It was speculated that these features were due to the location of the reference 
electrodes relative to the water level. As reference electrodes are only influenced by the steel in 
their immediate vicinity and not all of the steel within the beams it was deemed likely that the group 
A reference electrodes were located high within the beam (in the atmospheric zone), group B 
reference electrodes were located lower in the beam (splash / tidal zone) and the group C reference 
electrodes were located lower in the beam (high in the tidal zone). Table 15 shows all of the beam 
zone one elements along with their classification as either groups A, B, C, near passive or passive. 
Table 15.Showing the beams classified by zone and passive or near passive status 
Beam Number 
Residual 
Protection Near Passive Group 
Total Charge 
Passed (MC) 
Per Sq/m 
193 Yes No B 1.43 
194 Yes No A 1.25 
195 No Yes B 1.23 
196 No No C 1.13 
198 No No A 0.67 
199 No No A 0.74 
200 No No C 0.69 
201 No No C 0.77 
203 No Yes A 0.73 
204 Yes No A 0.74 
205 No No C 0.68 
206 No No C 0.70 
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Beam Number 
Residual 
Protection Near Passive Group 
Total Charge 
Passed (MC) 
Per Sq/m 
208 No Yes A 0.72 
209 No Yes A 0.67 
210 No No C 0.71 
211 No No C 0.78 
213 No No A 1.28 
214 No Yes A 1.25 
215 Yes No A 1.31 
216 No No C 1.24 
218 No Yes B 0.99 
219 Yes No A 1.31 
220 No No C 1.28 
221 No No C 1.96 
223 No No A 1.01 
224 No No A 1.29 
225 No No B 0.95 
226 No No C 1.02 
228 No Yes B 0.90 
229 No No A 0.88 
230 No Yes B 1.17 
231 No No C 1.16 
232 No No C 1.22 
233 Yes No B 1.42 
234 No Yes A 1.38 
235 Yes No B 1.38 
 
Table 15 shows that the passive and near passive beams were restricted to those where the 
reference electrodes were installed in either groups A or B. Table 15 does not appear to show a clear 
relationship between the amount of charge injected and the passive or near passive status. In order 
to understand how the charge injected affects these items the average current injected across all the 
groups and passive status was calculated and is shown in Table 16.  
Table 16.Average charge passed into beams based on activity and group status 
Classification 
Total Charge Passed (MC) 
Per Sq/m 
Average – Group A all beams 1.02 
Average – Group A passive beams 1.15 
Average – Group A near passive beams 0.95 
Average – Group A active beams 0.98 
Average – Group B all beams 1.18 
Average –Group B passive beams 1.41 
Average –Group B near passive beams 1.07 
Average –Group B active beams 0.95 
Average – Group C all beams 1.03 
Average – Passive beams all groups 1.26 
Average – Near passive beams all 
groups 1.01 
Average – Active beams all groups 1.01 
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This table shows no clear pattern regarding which group received the most charge injected over the 
life of the beams however within groups A and B the passive beams received a significantly greater 
amount of charge (approximately 15 – 25%) than the near passive and active beams. This was also 
found to be the case within the combined beam cohort. This further supports the findings that 
residual protection is dependent on charge passed for elements in similar exposure conditions. It 
may be expected that in a similar manner the near passive beams would have had a greater amount 
of charge injected than the active beams. This was indeed found to be the case for the beams within 
group A. However within the combined cohort the amount of charge injected into near passive and 
active beams was found to be the same whilst within group B the injected charge was slightly lower 
(approximately 3%) in the near passive beams than the active beams. 
It has been noted above that passivity appears to be confined to zone one of each beam. This is in 
part due to the criterion which has been applied to determine passivity. Given that zone two is 
located in the tidal / submerged zone it is expected that the concrete pores will be waterlogged. This 
restricts the supply of oxygen to the steel and limits the cathodic reaction via concentration 
polarisation. The result of this is a more negative potential. This means that this zone is unlikely to 
ever achieve the relatively positive potentials required to be considered passive by the absolute 
passive criteria or even the near passive criteria. The same can be said of the zone one reference 
electrodes within group C. These regions are commonly considered within the absolute potential 
and depolarisation criteria.  
The characteristic zone two and group C profile noted in section 4.3 has a particularly interesting 
feature on the twenty eighth of November 2014. This feature is a sharp negative polarisation which 
is sustained for the length of the study. A potential versus time plot of a representative beam 
cropped to highlight the event is shown below in Figure 17. 
 
Figure 17.Potential versus time plot of beam 205 
There are three potential causes of this negative shift. This first is that this may be an activation 
event and that the steel has transitioned from a passive to an active state. This implies that prior to 
this event the steel within the concrete of these elements was passive, despite their highly negative 
potentials (in Figure 17 above the passive potential for zone two was -800mV and -600mV for zone 
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one). If passive at this time then the steel was passive at significantly lower potentials than the -
150mV threshold established in the Australian standard[39]. 
It is also interesting to note that with the exception of beams 227, 228, 229 and 230 zone two and 
beam 232 zone one, the event occurred on the same day for all of the tidally effected elements. 
Please note that for beams 227, 228, 229 and 230 the reference electrode in zone one was not 
tidally affected whilst in beam 232 there was no reference electrode in zone two. From the 
depolarisation curve for beams 227, 228, 229, 230 and 232 it appears that the event may have 
occurred earlier than the twenty eighth of November however due to the missing data in the initial 
days of the study it was not possible to pin point the exact time. Within the data that is available it 
does appear that the event has just occurred and that the available data has captured the tail of the 
event. There were no discernible patterns in the amount of charge injected into the elements and 
the potential activation event. If this was an activation event it may be that the differences in the 
amount of current injected to each element in this trial were too similar to demonstrate any effect 
which may exist. 
The second potential cause is that this polarisation is due to concentration polarisation due to 
saturation of the concrete due to a significant storm or tidal event. This is supported by the 
uniformity of the event date across the wharf. Whilst there were a subset of beams which 
potentially activated early the fact that these early beams were co-located suggests that potentially 
they were more exposed the global event which occurred over a period of days (numerous high 
tides or a week of bad weather culminating in a storm on the twenty eighth of November 2014).  
The final, and in the authors opinion most likely, explication for this sharp polarisation is that the 
water ICCP system was switched off during the initial days of the study, but was switched on at the 
date of the event, with the system between beams 227 to 232 switched on at an earlier date. This 
hypothesis is supported by the final potentials for the zone two and zone one group C elements 
which are all highly negative, as seen in Table 17 below. 
Table 17. Difference between the final and instant off potentials for beams 
Beam 
Number Zone 
Native 
Potential 
Instant 
Off 
Potential 
(mV) 
Final 
Potential 
(mV) 
Difference Final 
Potential to 
Native Potential 
(mV) 
Absolute 
Passive 
or Near 
Passive 
Group 
Class* 
208 2 -578 -787.8 -1145 -567 No N/A 
207 2 -584 -778.7 -1090 -506 No N/A 
223 2 -648 -966.5 -1152 -504 No N/A 
222 2 -635 -981.9 -1130 -495 No N/A 
232 2 -593 -887.6 -1088 -495 No N/A 
235 2 -644 -923 -1127 -483 No N/A 
202 2 -606 -951.8 -1082 -476 No N/A 
220 2 -656 -971.2 -1128 -472 No N/A 
211 1 -542 -766.3 -999 -457 No C 
234 2 -598 -931.3 -1051 -453 No N/A 
230 2 -652 -994 -1095 -443 No N/A 
228 2 -634 -953 -1073 -439 No N/A 
193 2 -597 -1021.1 -1034 -437 No N/A 
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Beam 
Number Zone 
Native 
Potential 
Instant 
Off 
Potential 
(mV) 
Final 
Potential 
(mV) 
Difference Final 
Potential to 
Native Potential 
(mV) 
Absolute 
Passive 
or Near 
Passive 
Group 
Class* 
205 2 -641 -980.1 -1071 -430 No N/A 
231 1 -526 -851.6 -954 -428 No C 
229 2 -630 -993.3 -1056 -426 No N/A 
210 2 -648 -899.4 -1070 -422 No N/A 
213 2 -632 -996.2 -1050 -418 No N/A 
233 2 -616 -998.3 -1033 -417 No N/A 
219 2 -642 -1015.9 -1051 -409 No N/A 
221 1 -522 -866 -930 -408 No C 
204 2 -623 -971.7 -1029 -406 No N/A 
194 2 -620 -954.7 -1021 -401 No N/A 
203 2 -618 -956 -1013 -395 No N/A 
218 2 -641 -1025 -1031 -390 No N/A 
214 2 -577 -932.9 -965 -388 No N/A 
209 2 -568 -769.6 -956 -388 No N/A 
192 2 -608 -972.6 -992 -384 No N/A 
195 2 -635 -968.9 -1018 -383 No N/A 
200 2 -659 -990.6 -1042 -383 No N/A 
225 2 -632 -966.2 -1012 -380 No N/A 
205 1 -483 -741.5 -858 -375 No C 
212 2 -639 -984 -1012 -373 No N/A 
215 2 -649 -899 -1014 -365 No N/A 
224 2 -642 -946.5 -1005 -363 No N/A 
199 2 -631 -942.3 -979 -348 No N/A 
227 2 -627 -894.1 -968 -341 No N/A 
198 2 -637 -941.6 -977 -340 No N/A 
220 1 -337 -662.6 -662 -325 No C 
197 2 -628 -955.8 -934 -306 No N/A 
206 1 -469 -734.4 -735 -266 No C 
217 2 -496 -752.7 -754 -258 No N/A 
201 1 -466 -726.2 -698 -232 No C 
200 1 -333 -607.6 -540 -207 No C 
193 1 -160 -380.3 -320 -160 Yes B 
226 1 -416 -564.7 -562 -146 No C 
196 1 -395 -602.4 -512 -117 No C 
216 1 -402 -566.6 -475 -73 No C 
225 1 -282 -353.7 -335 -53 No B 
232 1 -431 -613.8 -469 -38 No C 
210 1 -303 -473.4 -332 -29 No C 
195 1 -205 -430.4 -227 -22 Yes B 
198 1 -235 -437.6 -244 -9 No A 
223 1 -325 -351.8 -309 16 No A 
218 1 -219 -394.2 -196 23 Yes B 
233 1 -172 -360.6 -144 28 Yes B 
219 1 -190 -383.7 -149 41 Yes A 
229 1 -278 -486.9 -225 53 No A 
230 1 -238 -415 -184 54 Yes B 
209 1 -266 -387.8 -202 64 Yes A 
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Beam 
Number Zone 
Native 
Potential 
Instant 
Off 
Potential 
(mV) 
Final 
Potential 
(mV) 
Difference Final 
Potential to 
Native Potential 
(mV) 
Absolute 
Passive 
or Near 
Passive 
Group 
Class* 
199 1 -329 -411.9 -260 69 No A 
215 1 -203 -369.7 -130 73 Yes A 
228 1 -267 -368.1 -181 86 Yes B 
234 1 -277 -493.7 -182 95 Yes A 
208 1 -275 -347.2 -171 104 Yes A 
213 1 -390 -404.9 -277 113 No A 
224 1 -392 -285.4 -270 122 No A 
194 1 -316 -441.6 -177 139 Yes A 
214 1 -310 -431.5 -170 140 Yes A 
204 1 -315 -403.1 -168 147 Yes A 
203 1 -319 -370.8 -171 148 Yes A 
235 1 -309 -305.4 -136 173 Yes B 
* Zone 2 elements will not have a group classification and so are shown as “N/A”. 
Table 17 has been sorted in line with the magnitude of the difference between the native and final 
potentials.  
Many of these final values are actually below the -720mV threshold stated in the Australian 
Standard[39] to signify protection. As the final potential is considered to be the Ecorr value of the 
steel these highly negative values imply that the steel is protected from corrosion without the ICCP 
system being in operation (please note that if this is due to the water ICCP system then this is an 
“on” current and does not denote protection). Furthermore when compared to the instant off value 
it can be seen that some of the final potentials are actually more negative that the instant off, when 
the system was in operation which reinforces the hypothesis that the water ICCP system is 
responsible. This finding, in itself, is significant as it shows that the water ICCP system is providing a 
significant amount of current to the concrete beams. This also highlights a potential risk, namely that 
when both systems are in operation simultaneously, there is a risk of overprotection of the concrete 
steel leading to acidification at the anodes and increasing the risk of ASR. 
In addition to the information contained about the zone two and zone one group C references the 
difference between the final potentials and instant off or final potentials shown in Table 17 can 
provide an insight into the depolarisation behaviour of the steel. It is expected that steel which is 
passive will have a final potential which is significantly more positive than the instant off and native 
potentials. This is found to be the case for the majority of the zone one group A and B elements. This 
is a strong indication that the sustained application of ICCP has established passivity within the 
concrete. There are two beams within the group A and group B cohorts which did not appear to 
become more positive during the study when compared to both the instant off and native 
potentials. These are beams 193 and 225. Beam 193 experienced an event causing a negative spike 
towards the end of the study resulting in the final potential being non-representative at -320mV. A 
more realistic value for this beam would be -129mV, which if applied results in positive shift from 
the instant off of -251mV and from the native of negative thirty one thousandths of a volt which is 
consistent with the results of the other beams. Beam 225 was found not be receiving ICCP for an 
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unknown period prior to the study and as such may have been left fallow for a period of years 
meaning that the instant off taken for this beam is actually a depolarised potential. 
Another interesting event is the common negative spike shown in zone one of beams 193, 194, 195, 
198, 199, 203, 204, 208, 209, 213, 214, 215, 218, 219, 223, 224, 225, 228, 229, 230, 233, 234 and 235 
on the thirtieth of December. A typical example of this is shown in Figure 18 below for beam 199. 
Please note that the scale has been changed to highlight the excursion.  
 
Figure 18.Illustration of sharp negative excursion, beam 199 zone one 
Collectively these beams with this spike make up every beam within group A and B, or the beams 
where the zone one reference is thought to be located at a higher RL. The identity of this spike offers 
something of a mystery. Its commonality confirms that it is not a random event and is unlikely to be 
an equipment malfunction and the height of the references and the fact that it is not observed in the 
zone two or zone one group C references indicates that it is not due to electrical activity within the 
water. Whilst this spike may potentially be an activation event, the sharp recovery potential (i.e. the 
symmetrical shape of the excursion) is not consistent with an activation event. Additionally this 
event is seen in beams 225, 224 and 223 which are known not to have received ICCP during the 
period and are fully depolarised. Given that the event is seen in these beams on the same day as the 
others, it is highly unlikely that this is an activation event. 
When the shape of the depolarisation curves is considered, it appears that all of the elements within 
zone one group B and A were passive during the trial, this excludes the elements in zone two and 
zone one group C which were thought to have been affected by the water ICCP system. This implies 
that residual protection and passivity is significantly more common than originally thought and is 
most sensitive to the exposure environment.  
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6.2 Fender Blocks Discussion 
6.2.1 Protection as per AS 2832.5 
Of the thirty reference electrodes within the fender blocks twenty eight showed results indicating 
that the fender blocks were being protected as per AS 2832.5[39]. The two fender blocks which were 
not protected were blocks 6 and 13. The plot of potential against time for fender block 6 (included in 
Appendix B) shows a seventy two hour depolarisation of ninety one thousandths of a volt with a final 
depolarisation after the seventy four days of 247mV. This is indicates that the fender is receiving 
protection and that the output current for this fender block needs to be increased slightly to ensure 
that fender block achieves the criteria detailed in AS 2832.5[39]. 
As noted in section 4.4 of the thirty fender blocks only 3, 5, 17, 18, 19 and 29 showed the cyclical 
pattern indicative of tidal variation, with four of these blocks being suspected or erroneous readings. 
This indicates that in general the reference electrodes were placed at a higher RL than was the case 
for the transverse beams. This aligns with the fender blocks physically being higher than the 
transverse beams as shown in Figure 8. 
The other fender shown not to have reached the criteria was fender block 13. An examination of the 
potential against time plot of this fender block shows no depolarisation and indeed the data shows 
that at the end of the study after seventy four days the fender had depolarised by only three 
thousandths of a volt. This indicates that this fender block is not receiving current from the ICCP 
system. This is likely the result of a defect in the ICCP system. For this reason this fender block will be 
excluded from the discussion for the remainder of this study. 
6.2.1 Absolute passive 
Whilst the majority of the fender blocks were shown to be protected, only six meet the absolute 
passivity criteria. These six fender blocks were fenders 3, 4, 5, 18, 19 and 29, the potential versus 
time plots of which are displayed in Appendix B. As noted in the results section above the results 
from fenders 17, 18, 19 and 29 are thought to be compromised by an error in the electrical 
hardware and offer limited insights for the purpose of this study. 
6.2.1 Near passive 
There was also one fender which was considered near passive. This was fender block 2, which is co-
located with the passive fender blocks 3, 4 and 5. 
A summary of each fender blocks passive active behaviour alongside the amount of injected into 
each fender block is shown in Table 18. The table has been sorted to rank the fender blocks in order 
of most to least charge injected.  
Table 18.Fender blocks based on the charge per square metre of steel surface area injected 
Fender 
Number 
Total Charge 
Passed (MC) 
Total Charge Passed 
(MC) Per Sq/m 
Days Until Beam 
Became Active 
17 65.00 10.79 
 
20 36.76 6.10 
 
19 36.25 6.02 
 
18 31.89 5.30 
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Fender 
Number 
Total Charge 
Passed (MC) 
Total Charge Passed 
(MC) Per Sq/m 
Days Until Beam 
Became Active 
26 31.60 5.25 
 
4 30.23 5.02 74 
24 29.06 4.83 
 
27 28.27 4.69 
 
2 27.99 4.65 
 11 27.84 4.62 
 9 27.74 4.61 
 3 26.92 4.47 74 
13 26.88 4.46 
 7 26.40 4.38 
 25 26.18 4.35 
 6 26.04 4.32 
 8 25.97 4.31 
 22 25.50 4.23 
 23 25.19 4.18 
 12 24.67 4.10 
 21 24.42 4.06 
 5 23.75 3.94 74 
1 23.52 3.91 
 15 22.11 3.67 
 14 20.97 3.48 
 30 20.84 3.46 
 28 20.03 3.33 
 16 19.59 3.25 
 10 12.86 2.13 
  
The potential versus time plots of the fender blocks generally show a positive trend. This is indicative 
of some level of passivity within the fender block, despite not reaching the -150mV criteria. 
The exceptions to this are blocks 13, 18, 19 and 29, which are thought to be associated with errors in 
the ICCP system, and fender block 25 which shows a gradual negative trend which is then reversed 
to a positive trend, possibly representing an activation and re-passivation event.  
The difference between the final and instant off and native potentials of the fender blocks is shown 
in Table 19. 
Table 19.Difference between the final and instant off potentials of the fender blocks 
Fender 
Block 
Instant 
Off 
Potential 
(mV 
Final 
Potential 
(mV) 
Native Potential 
(mV) 
Difference Final 
Potential to Instant 
Off Potential (mV) 
Difference 
Final Potential 
to Native 
Potential (mV) 
Absolute 
Passive or 
Near Passive 
18 2.8 -14 -489 -16.8 475 No 
19 -45.7 -29 -434 16.7 405 No 
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Fender 
Block 
Instant 
Off 
Potential 
(mV 
Final 
Potential 
(mV) 
Native Potential 
(mV) 
Difference Final 
Potential to Instant 
Off Potential (mV) 
Difference 
Final Potential 
to Native 
Potential (mV) 
Absolute 
Passive or 
Near Passive 
17 -459.9 -197 -535 262.9 338 No 
3 -523.1 -131 -450 392.1 319 Yes 
5 -162.7 -93 -349 69.7 256 Yes 
29 -172.1 -113 -367 59.1 254 Yes 
4 -469.5 -98 -227 371.5 129 Yes 
16 -590.2 -269 -335 321.2 66 No 
11 -662.5 -382 -443 280.5 61 No 
8 -913.7 -466 -514 447.7 48 No 
20 -679.2 -327 -373 352.2 46 No 
6 -659.4 -412 -446 247.4 34 No 
21 -772.8 -417 -449 355.8 32 No 
7 -879.1 -417 -440 462.1 23 No 
22 -705.9 -357 -380 348.9 23 No 
27 -814 -414 -437 400 23 No 
15 -717.2 -388 -386 329.2 -2 No 
2 -478.8 -188 -176 290.8 -12 No 
13 -447 -444 -427 3 -17 No 
9 -813.9 -403 -380 410.9 -23 No 
30 -858.3 -451 -425 407.3 -26 No 
23 -992.3 -573 -543 419.3 -30 No 
25 -605.5 -312 -271 293.5 -41 No 
10 -619.3 -350 -305 269.3 -45 No 
1 -853.7 -440 -391 413.7 -49 No 
26 -612.3 -370 -288 242.3 -82 No 
24 -861.2 -457 -344 404.2 -113 No 
28 -811.4 -448 -315 363.4 -133 No 
12 -1123 -572 -387 551 -185 No 
14 -967.8 -628 -439 339.8 -189 No 
 
All of the fender blocks show a final potential which is less negative that the instant off potential 
which is consistent with expectations. What is interesting to note is that around half of the fender 
blocks (fender blocks 27, 22, 7, 21, 6, 20, 8, 11, 16, 4, 29, 5, 3, 17, 19 and 18) have a final potential 
which is more positive than their native potential. This indicates that in these elements the 
environment surrounding the steel has become less corrosive than it was prior to the application of 
ICCP which supports that potential increase in passivity due to the application of ICCP. 
Unlike as was the case for the transverse beams, there is not as strong a correlation between the 
amount of charge injected into the fender blocks (Table 18), the difference between the final and 
instant off potentials (Table 19) and the presence of passivity. However it does need to be noted 
that all of the fender blocks which do show passivity of near passivity are co-located within one 
distinct region of the wharf, the extreme southern end. Due to the orientation of the wharf along 
the river these elements are shielded from the worst of the swell and splash generated by winds 
coming from the south west. Examination of the historical data tracking the direction of maximum 
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wind speed from the bureau of meteorology for a typical year long period at a location near the 
wharf is shown in Table 20 below. The complete list of the conditions is included in Appendix D. 
Table 20.Showing direction of maximal wind speed for the year February 2015 to January 2016 
Wind direction 
Number of days when maximal wind speed 
was register in this direction 
South 47 
South South West 111 
South South East 29 
North 77 
North North West 28 
East 0 
West 9 
North East 1 
South East 10 
North West 14 
South West 9 
 
This data shows that the majority of the high speed winds (typically in the afternoon) came from the 
South South-West direction. As noted above the fender blocks 2, 3, 4 and 5 are afforded some 
degree of protection from winds originating in this direction. It is possible that in this instance the 
presence of residual protection on these fender elements specifically is due to this protection 
resulting in less wave action and water splashing on these blocks. It is expected that wave action 
would mean less chloride ingress over the life of the wharf resulting in a less corrosive environment 
meaning it is easier to maintain passivity in these areas. 
When the shape of the polarisation curves is considered the majority of the blocks lack the 
characteristic polarisation associated with an activation event. Additionally the general shape of the 
majority of depolarisation curves shows that the blocks were continuing to depolarise towards more 
noble values. This indicates that they were passive during and remained passive for the entire study. 
Similarly to the results of the transverse beams this indicates that residual passivity is significantly 
more common than previously thought.  
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7. Wharf B Discussion 
7.1  Protection as per AS 2832.5 
Of the forty two reference electrodes installed in the structure, forty show results consistent with 
achieving at least one of the cathodic protection criteria listed in the Australian Standard[39]. The 
two reference electrodes which fail to achieve the protection criteria are D29 and D33.As was 
discussed earlier in section 5.2 reference D29 showed no indication of receiving cathodic protection 
whilst reference D33 showed significant noise indicating an issue with stability. For this reason the 
results of these two reference electrodes will not be considered in the later parts of this study. 
The majority of the remaining forty reference electrodes passed the potential decay criteria, with 
several passing the absolute passive criteria of a potential more negative then -720mV. These 
references were B28, D26 and D24. As was noted in section 5.2 these references all showed 
significant noise during both the instant off testing and the main study, which was potentially the 
result of reference instability. For this reason the results of these three reference electrodes will not 
be considered in the later parts of this study. 
7.2 Absolute passive 
Of the thirty seven references remaining in this study, twenty five exhibited residual protection. 
These are references; B20, D20, D15, D39, FB31, F10, D3, D21, F13, FB25, B22, B33, D16, B9, D11, 
FB18, D9, B12, B2, B28, B23, B5, B16, B11 and B13. All of these twenty five remained passive for the 
full 122 days of the study. When examining the reference locations, it is interesting to note that a 
larger proportion of them are found toward the northern end of the wharf. This is consistent with 
the findings in section 5.2 that the northern end of the wharf had a higher proportion of positive 
native potentials. These more positive native potentials indicate that microenvironment at the steel 
surface may have been less corrosive. That is the concentration of chloride ions may have been 
lower at these locations. If these more positive native potentials are indicative of a more passive 
environment then it follows that residual protection would be more common in these areas as the 
secondary effects of ICCP would have fortified and exacerbated these passive conditions, particularly 
the increase in pH due to hydroxyl production. This highlights the strong link between to the degree 
of exposure of an element (or the corrosivity of the environment) and the passivity of the steel. 
It is also noted that elements showing residual protection are spread fairly evenly throughout the 
different element types. Whilst the majority are seen to be beams and deck soffits the rough 
proportions of each class of structure are represented in much the same way there are represented 
in the original list of forty two. 
7.3  Near passive 
In addition to the twenty five references showing residual protection a further six show near 
protection. These references are D24, D14, D41, B41, D30 and B36. These near passive references 
are concentrated toward the southern end of the wharf. The potential versus time plots for these 
references show that they have a consistently positive potential which follows a standard 
depolarisation curve with the exception of D41 and B41.On the fifth of October 2015 both reference 
D41 and B41 show a marked negative trend which appears consistent with an activation event 
within the steel. This is shown below in Figure 19 and Figure 20. Please note that the scale in Figure 
20 has been modified to highlight the activation event and does not show the entire study period. It 
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is interesting to note that both of these elements became active on the same date and are both 
located in the same bent. This indicates that there is an underling electrical connection between the 
steel within these two events. It is likely that the steel between these two elements is continuous, 
either due to intentional welding or coincidental contact and that the steel within this entire bent 
became active on this day. 
The remaining references, D42, BD35, D34, B39 and D43, all show potentials inconsistent with 
residual protection and are considered to have begun actively corroding with the cessation of 
cathodic protection. These elements do not undergo an activation event and are believed not to 
have been passive at any point during the study period.  
It should be noted that the southern end elements had the ICCP installed prior to the northern part 
of the structure and as such would have received additional current due to the application of the 
ICCP compared to the northern elements. This additional current does not appear to have resulted 
in a change to the passivity status. 
 
Figure 19.Potential versus time graph for reference B41 
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Figure 20.Section of the potential versus time graph for reference B41 
When the shape of the depolarisation curves are examined two of the elements studied shows 
evidence of the signature of an activation event. These are elements D41 and B41 which appear to 
undergo activation on the fifth of October. This is consistent with the results found within wharf A 
where the depolarisation curves indicate that all elements studied demonstrated passivity for at 
least some time during the study. 
Table 21.Showing the difference between the native and final potential 
Element 
Instant Off 
(mV) 
Native 
Potential 
(mV) 
Final 
Potential 
(mV) 
Difference 
Final to 
Native (mV) 
Difference 
Final to 
Instant Off 
(mV) 
Absolute 
Passive or 
Near 
Passive 
B2 -209 N/A 10 N/A 220 Passive 
B5 -199 N/A 32 N/A 231 Passive 
D3 -287 N/A -122 N/A 165 Passive 
BW6 6 N/A 43 N/A 37 Passive 
D7 6 N/A 31 N/A 25 Passive 
FB5 6 N/A -59 N/A -65 Passive 
B11 -201 N/A 34 N/A 236 Passive 
B9 -187 N/A -26 N/A 161 Passive 
D9 -192 N/A -25 N/A 168 Passive 
B12 -133 N/A -18 N/A 116 Passive 
B13 10 N/A 178 N/A 168 Passive 
D11 -198 N/A -32 N/A 166 Passive 
B16 -186 N/A 34 N/A 221 Passive 
B5 -199 N/A 32 N/A 231 Passive 
D3 -287 N/A -122 N/A 165 Passive 
BW6 6 N/A 43 N/A 37 Passive 
D7 6 N/A 31 N/A 25 Passive 
FB5 6 N/A -59 N/A -65 Passive 
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Element 
Instant Off 
(mV) 
Native 
Potential 
(mV) 
Final 
Potential 
(mV) 
Difference 
Final to 
Native (mV) 
Difference 
Final to 
Instant Off 
(mV) 
Absolute 
Passive or 
Near 
Passive 
B11 -201 N/A 34 N/A 236 Passive 
B9 -187 N/A -26 N/A 161 Passive 
D9 -192 N/A -25 N/A 168 Passive 
B12 -133 N/A -18 N/A 116 Passive 
B13 10 N/A 178 N/A 168 Passive 
D11 -198 N/A -32 N/A 166 Passive 
B16 -186 N/A 34 N/A 221 Passive 
D14 -353 -217 -181 36 171 
Near 
Passive 
B20 -105 169 203 34 308 Passive 
D42 -493 -297 -274 23 220 No 
D39 -471 -161 -144 17 328 Passive 
F13 -262 -135 -120 15 142 Passive 
F10 -295 -135 -129 6 166 Passive 
D26 -1505 -232 -227 5 1278 
Near 
Passive 
BD35 -366 -209 -206 3 160 
Near 
Passive 
B33 350 -105 -104 1 -454 Passive 
D21 -330 -132 -132 0 198 Passive 
FB25 -152 -116 -117 -1 35 Passive 
FB18 -212 -23 -27 -4 185 Passive 
D16 -339 -41 -49 -8 290 Passive 
B36 -416 -170 -180 -10 236 
Near 
Passive 
D15 -282 -143 -153 -10 129 Passive 
D33 -380 -282 -295 -13 86 No 
B23 -211 28 14 -14 225 Passive 
 
All of the elements show a final potential which is less negative that the instant off potential with 
the exception of B33 and FB5. As previously stated B33 is subject to a lot of noise during the trial and 
has limited utility as a case study whilst FB5 suffered noise during the instant off, and a more 
realistic instant off for this element is -114mV which moves this element back in to line with 
expectations.  
The difference between the final fully depolarised potential of any particular element and the native 
potential of the same element were very similar, with no element differing by more than thirty six 
thousandths of a volt ( no comment can be made for the elements with no recorded native 
potential).This indicates that the elements have returned to their native potentials (however often 
the native was found to be passive).Given that the native potential is considered to be the Ecorr value 
of the concrete steel system prior to the application of ICCP, and the final fully depolarised potential 
is considered to the new Ecorr value of the system after the application of ICCP, the small difference 
between the two indicates that there has not be a significant change in the environment at the steel 
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surface. This may indicate that the ICCP system was been effecting at maintaining a passive 
environment at the steel surface. 
As was noted earlier in this section there is an approximately equal representation between the 
element types which received residual protection. This can be further seen in Table 22 below. 
Table 22. Distribution of elements types amounts the passive and near passive cohorts 
Element Number of 
elements 
Percentage of 
total number 
Number of elements absolutely 
passive or near passive 
Percentage of total 
number 
Beam 15 36% 14 42% 
Deck 19 45% 12 36% 
Front Beam 4 10% 4 12% 
Back Deck 1 2% 0 0% 
Back Wall 1 2% 1 3% 
Fender 2 5% 2 6% 
 
As Table 22 highlights the distribution of elements within the absolutely passive and near passive 
cohorts is similar to the original distribution of elements. This indicates that the varied ratios of steel 
surface area to concrete surface area described by Table 10 does not have a significant impact on 
the residual protection status of the elements. This is despite the expectation that an element with a 
lower steel surface area to concrete surface area ratio may have been at a higher risk of corrosion 
due to the larger surface area available for chlorides to diffuse into the structure.  
The results shown in Table 22 also offer some insight into the effect of the steel density. As each 
element had a unique steel density as was shown in Table 10, it would be expected that if the 
density of steel at wharf B greatly influenced the passivity of the element there would be a 
significant outlier in Table 22, which is not seen. Unfortunately current information detailing the 
amount of injected charge for each element was unavailable, thus preventing analysis of the data 
into the effects of current density at this time. 
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8. Overall Discussion 
Residual protection was observed across all of the wharf structures. Out of the 144 elements 
examined in this study, thirty eight showed absolute passivity at the beginning of the study period 
and a further sixteen showed behaviour which was termed near passive.  
The most important factor for determining the presence of absolute or near passivity within wharf A 
was the location of the reference electrode. Passivity was strictly limited to the reference electrodes 
located at higher RLs in the atmospheric and splash zones. There was no information available for 
RLs of the reference electrodes within the fender blocks of wharf A or any of the elements within 
wharf B. As a result, no meaningful conclusions could be drawn regarding the effect of RL within 
these structures. The lack of passivity at lower RLs is believed to be due to concentration 
polarisation caused by water logging of the concrete at high tide. Due to their highly negative 
potentials, these locations are unlikely to achieve the criteria associated with passivity. Close 
observation of the potential versus time plots for these elements often show the potential trending 
towards more positive values, which indicates that there may be a form of passivity present. Current 
practice is to increase the supplied current to these areas until they reach the -720mV threshold 
stated in AS 2832.5 [39] however further study into what is occurring locations may lead to a new 
understanding of how to define protection in these areas. 
Within the fender blocks of wharf A it was noted that the references which met the criteria of 
absolute and near passivity were co-located. Data showing the prevailing wind direction indicated 
that this location was potentially afforded some protection from the prevailing winds, and therefore 
also protected from wind driven waves and splash. It is possible that the less frequent splashing 
resulting from this protection reduced the exposure to chlorides, thus reducing the corrosivity of the 
location.  
Within wharf B reference electrodes which showed absolute and near passivity were those which 
had the least negative native potentials. These relatively positive native potentials indicate these 
locations likely had a passive environment (a high pH and low chloride ion concentration) at the steel 
surface prior to the application of ICCP. Similarly to the fender blocks of wharf A, it is possible that 
these locations were afforded some degree of local protection due to the geometry of the wharf. 
Such an effect would be expected to favour residual protection, as was noted. Both of these 
examples highlight the importance of the corrosivity on the environment on residual protection. 
The transverse beams of wharf A show the effect that injected charge has on residual protection. At 
references located at higher RLs, it was found that the presence of ongoing passivity depended on 
the amount of charge injected per square metre of steel surface area. The greater the applied 
charge density, the more likely the element was to exhibit residual protection for elements in a 
similar environment. This finding highlights the need for further study in this area. With a greater 
understanding of this effect there is the potential to optimise the amount of current injected into 
concrete ICCP systems to protect the structure at lower current levels once the concrete has been 
pacified. Alternately it may be possible to maintain protection whilst intentionally switching the 
system off for months of the year, thereby reducing the current demand.  
The potential versus time plots for both wharf A and wharf B show significant excursions, both 
positive and negative, in some of the elements being examined. It was common that whilst these 
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excursions were significant in the short term (over a scale of hours or days), they were isolated 
events after which the plot continued to trend as it did prior to the event. Should an event such as 
this occur during regular monitoring of the ICCP system the effect of the event could be greatly 
exaggerated by the shortened monitoring period resulting in an unnecessary intervention. These 
events highlight the need to carefully consider the results of regular monitoring. Where events occur 
it is important to both identify the cause and assess the potential risk to the structure. 
The submerged elements within wharf A’s transverse beams show a marked and sustained negative 
trend in the early days of the study. This event appears to be consistent with the application of the 
water ICCP system. The importance of this event is that the effect on the steel’s potential due to the 
water ICCP system was sustained at low and high tides. This indicates that water ICCP system was 
providing consistent current to the lower concrete elements of the beam. This current would have 
resulted in some degree of protection. This highlights the need for further investigation to ensure 
these elements are not overprotected when both systems are active. These findings also suggest 
that there is potential to use the systems in a synergistic manner. 
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9. Conclusion and Future Study 
9.1 Conclusions 
 Residual protection was observed across all three structures examined. 
 Elements exposed to tidal submersion were found to have highly negative potentials, none 
of which satisfied either the absolute passive criteria or the modified near passive criteria. 
This goes someway to addressing research questions one and two (the location of the 
reference electrode relative to the tidal level determines the presence of residual 
protection). However it has been considered by the author that the negativity of these 
potentials may have masked the presence of residual protection in these elements.  
 The amount of charge injected appears to be strongly linked with the presence and duration 
of residual protection (research question one). This is in alignment with the expectation that 
higher amounts of injected charge will lead to a potential build-up of hydroxyl ions and 
reduction in chloride ion concentration due to the secondary effects of ICCP. This supports 
the notion that with further study it may be possible to refine the amount of current 
required to provide ongoing protection (research questions three and four). 
 It is believed that the water ICCP system was switched on at the wharf A site during the 
study and that this caused a significant change in the potential of the steel within the 
transverse beams. This indicates there may be potential optimisation strategies (research 
question four) to synergise these two ICCP systems and also highlights the potential of over 
protection if this effect is not considered during the design phase.  
9.2 Future Study 
 Further site based studies.  
 A study of similar scope where multiple methodologies are used to assess the active / 
passive state of the steel reinforcement. Potential methodologies to include portable half 
cell testing across the concrete surface, LPR and Galvapulse testing. 
 Targeted destructive testing on nominated elements of the structure to verify the condition 
of the concrete at the steel surface. Suggested tests include coring for chloride content and 
pH testing. 
 Similar studies using a small scale custom designed and installed ICCP system within existing 
infrastructure. Such a small scale system would allow the researcher to inject a pre-selected 
amount of charge at multiple charge densities. 
 Further analysis of wharf B should the current density data become available. 
 Site based studies of the effect of water ICCP systems on tidally submerged elements of 
concrete ICCP systems. 
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Appendix A 
Current Density Versus Time Graphs Wharf A Transverse Beams 
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Appendix B 
Potential Versus Time Plots Wharf A Transverse Beams
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Instant Off Potential Versus Time Plots Wharf A Transverse Beams 
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Instant Off Potential Versus Time Plots Wharf B All Elements 
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Appendix D 
Wind Direction Data Wharf A 
Date Direction of maximum wind gust  
01-02-15 SSW 
02-02-15 SSW 
03-02-15 S 
04-02-15 SSW 
05-02-15 SSW 
06-02-15 SSE 
07-02-15 N 
08-02-15 S 
09-02-15 SSW 
10-02-15 SSW 
11-02-15 SSW 
12-02-15 SSW 
13-02-15 W 
14-02-15 S 
15-02-15 NNE 
16-02-15 SSE 
17-02-15 SSW 
18-02-15 SSW 
19-02-15 SSW 
20-02-15 SSW 
21-02-15 NW 
22-02-15 N 
23-02-15 SSW 
24-02-15 SSE 
25-02-15 SE 
26-02-15 SSW 
27-02-15 SSW 
28-02-15 W 
01-03-15 SSW 
02-03-15 SSW 
03-03-15 S 
04-03-15 S 
05-03-15 SW 
06-03-15 SSW 
07-03-15 NNW 
08-03-15 S 
09-03-15 SSW 
10-03-15 SSW 
11-03-15 S 
12-03-15 S 
13-03-15 SSW 
14-03-15 NNW 
15-03-15 SSW 
16-03-15 NNW 
17-03-15 N 
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Date Direction of maximum wind gust  
18-03-15 WSW 
19-03-15 N 
20-03-15 SSE 
21-03-15 SE 
22-03-15 N 
23-03-15 N 
24-03-15 SSW 
25-03-15 S 
26-03-15 NNW 
27-03-15 SSW 
28-03-15 WSW 
29-03-15 SSW 
30-03-15 S 
31-03-15 SSW 
01-04-15 N 
02-04-15 S 
03-04-15 SSE 
04-04-15 SW 
05-04-15 SSW 
06-04-15 SSE 
07-04-15 SSW 
08-04-15 SSW 
09-04-15 SSE 
10-04-15 SSW 
11-04-15 S 
12-04-15 SSW 
13-04-15 S 
14-04-15 NNE 
15-04-15 N 
16-04-15 W 
17-04-15 N 
18-04-15 S 
19-04-15 S 
20-04-15 SSE 
21-04-15 SSE 
22-04-15 SSE 
23-04-15 SSE 
24-04-15 NW 
25-04-15 S 
26-04-15 SSW 
27-04-15 W 
28-04-15 SSE 
29-04-15 SSW 
30-04-15 SE 
01-05-15 NE 
02-05-15 N 
03-05-15 SW 
04-05-15 N 
05-05-15 NNW 
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Date Direction of maximum wind gust  
06-05-15 NNW 
07-05-15 WNW 
08-05-15 NW 
09-05-15 N 
10-05-15 W 
11-05-15 NW 
12-05-15 NW 
13-05-15 WSW 
14-05-15 SSW 
15-05-15 S 
16-05-15 SSW 
17-05-15 NNW 
18-05-15 N 
19-05-15 N 
20-05-15 N 
21-05-15 S 
22-05-15 SSW 
23-05-15 SSW 
24-05-15 NNW 
25-05-15 NNE 
26-05-15 N 
27-05-15 N 
28-05-15 N 
29-05-15 NW 
30-05-15 NNW 
31-05-15 S 
01-06-15 SSW 
02-06-15 SSW 
03-06-15 NNE 
04-06-15 N 
05-06-15 N 
06-06-15 N 
07-06-15 N 
08-06-15 NNW 
09-06-15 WNW 
10-06-15  
11-06-15 SSW 
12-06-15 NNE 
13-06-15 NNE 
14-06-15 NNE 
15-06-15 ESE 
16-06-15 N 
17-06-15 SSE 
18-06-15 SE 
19-06-15 SSW 
20-06-15 SSW 
21-06-15 NNE 
22-06-15 N 
23-06-15 N 
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Date Direction of maximum wind gust  
24-06-15 N 
25-06-15 W 
26-06-15 N 
27-06-15 N 
28-06-15 NNE 
29-06-15 S 
30-06-15 SSW 
01-07-15 NNW 
02-07-15 SW 
03-07-15 N 
04-07-15 NNW 
05-07-15 N 
06-07-15 N 
07-07-15 N 
08-07-15 NW 
09-07-15 N 
10-07-15 NNW 
11-07-15 N 
12-07-15 SSW 
13-07-15 SSW 
14-07-15 N 
15-07-15 SSE 
16-07-15 SE 
17-07-15 S 
18-07-15 SSW 
19-07-15 SSW 
20-07-15 N 
21-07-15 NNW 
22-07-15 N 
23-07-15 N 
24-07-15 N 
25-07-15 N 
26-07-15 NNW 
27-07-15 NW 
28-07-15 NW 
29-07-15 N 
30-07-15 NNW 
31-07-15 N 
01-08-15 N 
02-08-15 NW 
03-08-15 W 
04-08-15 W 
05-08-15 SSW 
06-08-15 SSW 
07-08-15 W 
08-08-15 SSW 
09-08-15 N 
10-08-15 NNW 
11-08-15 N 
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Date Direction of maximum wind gust  
12-08-15 N 
13-08-15 SSW 
14-08-15 WNW 
15-08-15 S 
16-08-15 N 
17-08-15 WSW 
18-08-15 WSW 
19-08-15 SSW 
20-08-15 N 
21-08-15 N 
22-08-15 N 
23-08-15 SSW 
24-08-15 SSE 
25-08-15 SE 
26-08-15 ESE 
27-08-15 SSW 
28-08-15 SSW 
29-08-15 SSW 
30-08-15 SSW 
31-08-15 S 
01-09-15 NNE 
02-09-15 NNE 
03-09-15 SSW 
04-09-15 SSW 
05-09-15 SSW 
06-09-15 N 
07-09-15 NNW 
08-09-15 SSW 
09-09-15 SSW 
10-09-15 SSW 
11-09-15 NNW 
12-09-15 N 
13-09-15 NNW 
14-09-15 N 
15-09-15 WNW 
16-09-15 SSW 
17-09-15 SSE 
18-09-15 SSW 
19-09-15 N 
20-09-15 N 
21-09-15 N 
22-09-15 S 
23-09-15 SSE 
24-09-15 SSW 
25-09-15 SSE 
26-09-15 S 
27-09-15 SSE 
28-09-15 SSW 
29-09-15 NW 
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Date Direction of maximum wind gust  
30-09-15 SSW 
01-10-15 SSW 
02-10-15 N 
03-10-15 N 
04-10-15 N 
05-10-15 N 
06-10-15 NNW 
07-10-15 SSW 
08-10-15 SSW 
09-10-15 N 
10-10-15 N 
11-10-15 SSW 
12-10-15 S 
13-10-15 S 
14-10-15 N 
15-10-15 N 
16-10-15 S 
17-10-15 S 
18-10-15 SSW 
19-10-15 SSW 
20-10-15 NNE 
21-10-15 SSW 
22-10-15 SSW 
23-10-15 SSW 
24-10-15 S 
25-10-15 NNW 
26-10-15 SSW 
27-10-15 SE 
28-10-15 N 
29-10-15 SSE 
30-10-15 SSE 
31-10-15 NNW 
01-11-15 N 
02-11-15 SSW 
03-11-15 SSW 
04-11-15 SSE 
05-11-15 N 
06-11-15 SSW 
07-11-15 SSW 
08-11-15 SSW 
09-11-15 N 
10-11-15 S 
11-11-15 SSW 
12-11-15 S 
13-11-15 S 
14-11-15 SSE 
15-11-15 SSW 
16-11-15 SSW 
17-11-15 NNW 
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Date Direction of maximum wind gust  
18-11-15 N 
19-11-15 SSW 
20-11-15 NNE 
21-11-15 SSW 
22-11-15 S 
23-11-15 S 
24-11-15 NNW 
25-11-15 NW 
26-11-15 SSW 
27-11-15 WSW 
28-11-15 S 
29-11-15 SSW 
30-11-15 NW 
01-12-15 SSW 
02-12-15 S 
03-12-15 SSW 
04-12-15 SSW 
05-12-15 S 
06-12-15 SSE 
07-12-15 WSW 
08-12-15 NNW 
09-12-15 SSE 
10-12-15 SSE 
11-12-15 SW 
12-12-15 SSE 
13-12-15 SSW 
14-12-15 SW 
15-12-15 SSW 
16-12-15 SSW 
17-12-15 NNW 
18-12-15 N 
19-12-15 N 
20-12-15 S 
21-12-15 SW 
22-12-15 SSW 
23-12-15 SSW 
24-12-15 SE 
25-12-15 N 
26-12-15 SSW 
27-12-15 S 
28-12-15 S 
29-12-15 SSW 
30-12-15 SSE 
31-12-15 N 
01-01-16 SSW 
02-01-16 ESE 
03-01-16 SE 
04-01-16 SSE 
05-01-16 NNE 
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Date Direction of maximum wind gust  
06-01-16 SSW 
07-01-16 SSW 
08-01-16 SSW 
09-01-16 S 
10-01-16 SW 
11-01-16 NW 
12-01-16 SSW 
13-01-16 WSW 
14-01-16 SSW 
15-01-16 S 
16-01-16 S 
17-01-16 N 
18-01-16 NNW 
19-01-16 SSW 
20-01-16 SW 
21-01-16 SSW 
22-01-16 SSW 
23-01-16 S 
24-01-16 SSW 
25-01-16 SSW 
26-01-16 SE 
27-01-16 N 
28-01-16 N 
29-01-16 S 
30-01-16 S 
 
 
